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Abstract
Terrestrial free-space optical (FSO) communications is an emerging low-cost,
license-free and high-bandwidth access solution, albeit hampered by the combined effects
from atmospheric loss, turbulence and pointing errors (PEs). Partially coherent beams
(PCBs) are capable of mitigating the turbulence-induced signal fading and PEs, while
causing reduction in the mean received signal intensity. This implies the necessity of PCB
optimization technique, such that the trade-off between the reduction in the scintillation
index and the decrease in the mean received irradiance can be achieved conveniently.
This thesis investigates the performance of partially coherent FSO communication
links from the information theory perspective. The important link design criteria are
considered, and the Gaussian-Schell beam model is adopted to characterize the optical
beam propagation through random turbulent medium. Numerical results show that beam
width optimization presents a feasible approach in promoting capacity enhancement for
long-distance terrestrial FSO systems, since the optimum beam width is susceptible to the
deterring effects of atmospheric turbulence and PEs. Next, joint investigation of the effects
of a PCB and aperture averaging is presented, which confirms the distinctive advantages of
introducing an enlarged receiver aperture and the interest of optimizing the beam width to
maximize the FSO channel capacity. A theoretical beam width optimization model is
proposed to determine the optimum beam width. Subsequent investigation studies on the
characteristics of PCB propagating through the turbulent channel reveal the relationship
between the beam width and spatial coherence length to optimize the PCB. Therefore, a
joint beam width and spatial coherence length optimization technique is proposed to
maximize the average capacity in partially coherent FSO links. An optimization metric is
developed to enable a feasible translation of the joint optimal transmitter beam parameters
into an analogous level of divergence of the received optical beam. It is demonstrated that
the PCBs are desirable in the weak-to-moderate turbulence regimes, whereas coherent
laser beams with high transmit power exhibit greater resilience to strong turbulences.
An experimental study is carried out to demonstrate the effects of aperture averaging
and beam width on the FSO link under laboratory-controlled atmospheric turbulence
iii
conditions. The aperture-averaging effect is characterized through the signal density
distributions, showing good agreement with the theoretical models. It is demonstrated that
the relationship between the aperture averaging factor and point-received scintillation
index can be described by a first-order linear regression model, whereby the coefficients of
the model are provided and compared. Measurements of the Q-factor for an aperture-
averaged optical receiver and its corresponding finite point receiver reveals that manifold
gain in the link performance can be achieved with increasing scaled aperture size, thus
concluding that the introduction of an enlarged receiver aperture enhances the effective
collection of the optical signal and potentially mitigates the scintillation effect.
Atmospheric loss resulting from visibility-limiting weather conditions significantly
attenuates the intensity of a propagating laser beam, which imposes degrading impacts on
the link range and availability. Hybrid FSO and radio frequency (RF) systems present the
most prominent alternative to enable these technologies in complementing one another’s
weaknesses, since fog and rain drastically affect the FSO and RF links, respectively, but
only insignificantly vice versa. The viability of deploying the media diversity technique in
the FSO system is investigated through a case study, in which a new hybrid-base
transceiver station (H-BTS) system architecture is proposed for the green Metrozones. The
hybrid FSO/RF system is integrated at the macro-cellular tier, to enable high-capacity,
power-efficient wireless backhauling. A resource prioritization mechanism is designed, to
maintain good control and optimal on-demand resource allocation, and to establish
sustainable backhaul link availability. Next, a basic access signalling (BAS) scheme is
introduced, to necessitate the discovery, registration and monitoring of active metro access
points (M-APs). The proposed BAS scheme enables the sleep-wake-on-demand (SWoD)
mechanism and the cooperative inter-cell support. Findings from this work suggest that
adaptation and optimization at the link- and system-level are vital for Metrozones
deployment, due to the occurrence of numerous time-varying factors in real networks.
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1Introduction
1.1. Overview
The evolution of the wireless communications standards into the fourth generation
(4G) has witnessed recent rapid progress in information and communication technologies,
which in turn revealed a multitude of mobile broadband facilities, such as ultra-broadband
internet access, internet protocol (IP) telephony, gaming services, streamed multimedia
applications, and high-definition television (HDTV) broadcasting services [1, 2]. The
exponential surge in the commercial demand to pursue unlimited high-speed and
ubiquitous broadband wireless access, to accommodate the ever-increasing utilization of
internet and multimedia services among individual mobile users and residential and
enterprise clusters, has spurred prodigious growth in internet traffic demand in the recent
decade, scaling much faster than the prediction of Moore’s law [3, 4]. As a result, data
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2transmission rates have been rising at approximately a factor of ten every five years, which
corresponds to a tremendous growth in the overall traffic volume by several hundred-fold
within the next decade [5], in order to be able to transport an exponentially increasing
amount of (available) data to end users within an acceptable amount of time, inadvertently
resulting in severe congestion of the radio frequency (RF) spectrum and wireless traffic
bottleneck [6]. Complementing the existing wireless RF solutions, free-space optical (FSO)
communications is poised to become a promising broadband wireless access (BWA)
candidate to resolve the existing “last mile” access network problems [7-9]. This is mainly
due to the vastly attractive features of such technology option, which include: (i) no
licensing requirements or tariffs for its utilization; (ii) virtually unlimited bandwidth for
providing near-optimal capacity and supporting high-speed applications; (iii) extensive
link range in excess of 5 km; (iv) high energy efficiency due to low power consumption,
reduced interference and fading immunity; (v) high scalability and reconfigurability; (vi)
secure and reliable data transmission medium; (vii) minimal cost of deployment; and (viii)
reduced time-to-market [10].
Terrestrial FSO communication is a line-of-sight (LOS) technology based upon the
transmission of optical laser beam waves operating at typical wavelengths of 850 nm and
1550 nm through the atmosphere, in order to establish wireless communication for
providing larger bandwidths and high-data-rate transfer of information [7, 11]. The
deployment of FSO communication systems is particularly advantageous in metropolitan
areas, geographically challenging terrains and underserved rural areas lacking broadband
network connectivity [12, 13]; whereby the installation of optical-fibre links is least
feasible or impossible, as evident from the numerous case studies brought forward by
LightPointe
TM
[14]. With the emergence of powerful and efficient optoelectronic
components and advanced communication techniques, current state-of-the-art FSO
3prototypes have demonstrated data transmission through the atmospheric channel at ultra
high speed up to terabits per second (Tbps) [15-20]. In [21], Arimoto presented the design
and demonstration of a novel FSO communication terminal, featuring fast and accurate
fine tracking system and transparent connectivity to single-mode fibre lines; which
represents a significant breakthrough in the stability, reliability and capacity of terrestrial
FSO communications. This state-of-the-art compact FSO terminal has demonstrated an
aggregated 320 (8 × 40) gigabits per second (Gbps) transmission at a link distance of 212
m in [17], and then successfully upgraded to an astounding 1.28 Tbps (32 × 40 Gbps) in
[18], which is by far the highest achievable capacity reported for terrestrial FSO
communication systems. Furthermore, the transmission of multiple RF signals carrying
various broadband wireless services including the integrated services digital broadcasting-
terrestrial (ISDB-T) signals over a 1 km turbulent FSO link based on the advanced dense
wavelength-division multiplexing (DWDM) technique have been demonstrated in [22].
The proposed work unfolds new insight on the system design, operation and performance
characteristics relevant in implementing economical and reliable alternative broadband
wireless technology for complementing optical-fibre networks, especially in environments
where the deployment of optical-fibre links are not feasible.
1.2. Problem Statement
1.2.1. Challenges of the FSO Communication Channel
FSO communications remains as one of the least commercially deployed broadband
technologies, albeit its tremendous potential in resolving the “last mile” issues. The
widespread deployment of such BWA solution is hampered by the combined effects from
numerous factors, which include: the atmospheric channel which is highly variable,
4unpredictable and vulnerable to different weather conditions, such as scattering, absorption
and turbulence [6, 11, 23]; and the presence of pointing errors (PEs) [13, 24, 25]. Aerosol
scattering and absorption due to rain, snow and fog result in significant optical power
attenuation, beam spreading and link distance reduction, severely impairing the system
performance with an increase in the link error probability; thus causing the FSO system to
fall short of the desired carrier-grade availability of 99.999% under heavy, visibility-
limiting weather conditions [26]. In particular, Kim and Korevaar reported in [27] that the
atmospheric attenuation of laser beam is a random function of the weather, which can vary
from 0.2 dB/km in exceptionally clear weather to 350 dB/km in very dense fog.
Laser beams propagating through the atmospheric turbulent channel are highly
susceptible to the adverse effects of scintillation and beam wander, which are natural
phenomena commonly observed in terrestrial FSO communication systems, due to the
refractive index variations along the transmission paths caused by inhomogeneities in both
temperature and pressure of the atmosphere [11]. Correspondingly, this produces random
fluctuations in both temporal and spatial domains of the received irradiance, known as
channel fading, whereby the FSO links may suffer temporary signal degradation or
complete system annihilation under the influence of deep signal fades [28, 29]. Modelling
of the fading effects in an atmospheric turbulent channel using the extended Huygens-
Fresnel principle [11] shows that large transient dips in the optical signals typically last
approximately 1-100 milliseconds, which may result in the loss of potentially up to 10
9
consecutive bits at a transmission rate of 10 Gbps [28].
Misalignment-induced fading is another non-negligible effect in FSO systems, as
optical terminals typically installed on high-rise buildings are susceptible to building sway,
while continuous precise pointing is required to establish link connectivity for successful
5data transmission with minimum error probability, particularly when narrow beam
divergence angle and receiver field-of-view (FOV) are employed [13]. Under the influence
of wind loads, thermal expansions and weak earthquakes, building sway causes vibrations
in both the transmitter and receiver, in which the stochastic process deviates the optical
wave propagation path from the common LOS, thus resulting in decrease of the average
received signal [13, 30, 31]. In addition, PEs can arise due to mechanical misalignment,
errors in tracking systems, or presence of mechanical vibrations within the system [25].
Through an in-depth survey of the relevant literatures, it is evident that a substantial
number of analytical and simulation studies [32-35] have isolated the contributing effects
of different atmospheric channel conditions resulting from atmospheric loss, turbulence-
induced fading and PE loss for the sake of analytical simplicity. These channel
impairments must be collectively taken into account using a combined channel fading
model, in order to describe the optical channel characteristics with better accuracy. In
addition, the limiting cases of unbounded plane- or spherical-wave approximations are
insufficient to characterize the propagation properties of the optical beam wave through
random turbulent medium, particularly for the case of spatially partially coherent Gaussian
laser beam, whereby the spatial coherence and beam divergence of the optical laser source
are concerned. Moreover, the conventional Rytov-based scintillation model associated with
the above-mentioned approximations may not accurately reflect the irradiance fluctuations,
mainly because the beam wander effect contributing to a widening of the long-term beam
profile and PEs is not considered in the limiting Rytov theory. In this research work, the
above concerns are appropriately addressed and taken into account through the joint
adoption of a combined optical slow-fading channel model and Gaussian-Schell beam
model; which in turn substantiate the development of a comprehensive design benchmark
encompassing important link design criteria in Chapter 3, thereby creating a holistic
6perspective for optimal planning and design of terrestrial FSO communication links.
Through reliable theoretical analysis and simulation studies, feasible mitigation techniques
and/or optimization methods can be proposed and examined with better accuracy, in order
to promote effective mitigation of the adverse atmospheric channel effects.
1.2.2. Mitigation Techniques to Overcome the Atmospheric Channel Effects
The feasibility and physical deployment of the FSO technology relies upon extensive
research efforts to address numerous challenges and issues involving all aspects of the
system design, and then introduce mitigation and enhancement approaches to overcome
the limitations and optimize the system performance, respectively. Various techniques
have been investigated and proposed to combat the deterioration of signal quality due to
the adverse atmospheric conditions and link misalignment, which include: adaptive optics
[36, 37], spatial [28, 29, 38-48], temporal [49, 50], wavelength [51] and media/channel [27,
52-57] diversity schemes, modulation and signalling formats [58-62], forward error
correction (FEC) [35, 63-70], aperture averaging [40, 71], beam optimization methods [72-
76], and signal processing techniques [77].
The adaptive optics techniques were originally developed to improve the quality of
stellar telescopes in optical astronomy, whereby deformable mirrors or phase conjugation
methods are used to pre-distort the wavefront of a transmitted laser beam, such that the
distorted wavefront is restored to its original unperturbed form upon propagating through
the turbulent atmosphere, thereby arriving at the receiver as an undistorted wave. While
these techniques have demonstrated limited success in FSO systems, the adaptive optics
approach in compensating the effects of atmospheric turbulence along a propagation path
remains ineffective when the link distance exceeds the sum of the transmitter and receiver
Rayleigh ranges, or when the transmitter and receiver are not moving fast laterally with
7respect to each other [78]. In addition, bulky, high-complexity and computation-intensive
systems are required to achieve wavefront correction fast enough to counteract the adverse
effects of turbulence, whereas full reciprocal adaptive optics can only be made possible
under the condition of a sufficiently short link range; thus deterring its widespread
adoption for long-distance terrestrial FSO communication.
In principle, diversity techniques take advantage of multiple identical transmissions
with distinct uncorrelated paths between the transmitters and receivers, such that the
effective level of scintillation and probability of fade can be reduced, and hence increasing
the likelihood of signal detection with minimum bit error. The more rigorously
investigated and commonly adopted diversity approach in FSO communication systems is
the spatial diversity technique [79, 80], in which multiple transmitters and/or receivers
appearing in single-input multiple-output (SIMO), multiple-input single-output (MISO) or
multiple-input multiple-output (MIMO) configurations are spaced further apart than the
lateral correlation distance on the link. Temporal diversity is an alternative approach which
relies upon multiple replicated signal transmissions separated by a time delay (typically
longer than the expected fade duration), whereas wavelength diversity requires the
transmission of data on at least two distinct optical wavelengths. Nevertheless, these
diversity techniques require a significant electronic and processing overhead, in order to
accommodate the synchronization, buffering and retiming processes and logical combining
of the replicated transmissions [81].
FEC is another widely considered fade mitigation technique, in which redundant
check bits are intentionally inserted in the encoded packets prior to transmission, in order
to ensure that the transmitted bits can be automatically corrected and recovered if some are
lost due to fading, while inadvertently contributing to additional power, bandwidth and
8processing overhead on the system. Even though error control coding can provide an
additional layer of information security, this method may not effectively negate the effects
of atmospheric turbulence albeit using the best available FEC codes, mainly because the
transmission time of a codeword (typically a few μs) in a high-speed FSO system is even 
much shorter than the shortest fade duration [81]. Correspondingly, interleaving is
introduced in conjunction with coding to provide temporal diversity by spacing coded
symbols with time offsets that are longer than the expected fade durations, such that a fade
can only affect a single symbol per codeword and the length of the required codeword can
be drastically reduced. The major drawback of FEC-interleaving schemes is increased
latency and processing time, since the data must be buffered at the transmitter and receiver
for at least the duration of the used coding constraint length. In general, the overall
transmission delay can be expected to exceed 100 ms, thus making such implementation
unrealistic for delay-critical data transmissions.
While majority of these mitigation techniques have been proposed at the expense of
increased circuit complexity and massive signal processing requirements, low-overhead
methods may be introduced into the system under study without incurring additional power,
bandwidth, size, weight, cost and/or processing overhead to the overall design. This
research work investigates and proposes a more simplistic approach based upon a joint
consideration of partially coherent Gaussian laser beam and aperture averaging, which is
capable of mitigating the turbulence-induced beam wander and scintillation effects and
jitter-induced PE loss. Similar to all other communication systems, terrestrial FSO
communication systems must be carefully designed and system parameters must be
appropriately adjusted in accordance to the varying channel conditions, such that the best
achievable FSO channel capacities can be obtained under most scenarios. Taking
advantage of a simple mathematical solution, a theoretical beam width optimization model
9is developed in Chapter 4, in order to determine the optimum beam width for maximizing
the average channel capacity. In addition, this thesis demonstrates the necessity of a joint
beam width and spatial coherence length optimization technique to maximize the average
capacity in FSO links employing partially coherent beam (PCB), under the combined
effects of turbulence and PEs, while taking into account the aperture-averaging effect.
On the other hand, media/channel diversity (commonly termed as hybrid FSO/RF)
takes advantage of the symbiotic relationship between the FSO and RF sub-systems in
complementing each technology option’s limitations to different atmospheric phenomena,
in order to enhance the reliability of the wireless communication links [82]. By operating
the FSO link in conjunction with an RF link, the latter technology option may be used to
facilitate a variety of purposes, which include: link establishment, control and operation,
backup link support in the event of a failure, data splitting for parallel data transmission,
and codeword partitioning for FEC enhancement. At present, rigorous investigation and
extensive research studies are carried out to integrate FSO/RF links in wireless macro-
cellular networks, broadband access networks [83] and multihop networks [84, 85] for
providing high-rate data connectivity with low end-to-end delay; thereby unveiling
numerous open research problems, particularly in the aspects of feasibility analysis of
hybrid FSO/RF communication networks, topology discovery, dissemination, link
restoration, optimal FSO/RF configurations and routing. In this research work, the media
diversity technique is introduced in the terrestrial FSO communication systems, and
applied to a case study for next generation Metrozones in wireless macro-cellular networks
in Chapter 6.
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1.3. Research Aims and Objectives
The primary aim of this research project is to carry out extensive theoretical
investigation and simulation studies and experimental demonstration pertaining to the
system design, performance analysis and optimization of FSO communications for
terrestrial applications. The main objectives of this research work are defined as follows:
 To carry out thorough literature survey and preliminary studies, in order to acquire in-
depth knowledge and understanding pertaining to the key areas as follows:
(1) Transmitter, channel and receiver characteristics of the FSO communication
system;
(2) Technical advantages and challenges of the system under study; and
(3) Mitigation and enhancement techniques.
 To perform theoretical analysis and simulation studies on the FSO system with the key
aspects outlined below:
(1) To examine the effects of numerous important link design criteria on the
proposed system, which include the transmitter beam width, spatial coherence
length, receiver aperture dimension and its resulting aperture-averaging effect,
and knowledge of channel state information (CSI);
(2) To investigate the influence of different operating conditions on the proposed
system, which comprises the weather effects as signified by the visibility and
turbulence strength, the PE loss as indicated by the jitter variance, and the
propagation distance;
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(3) To evaluate the system performance through the important performance metrics
encompassing the bit-error rate (BER), probability of outage and average
channel capacity; and
(4) To propose new optimization techniques based upon the numerical method, in
order to optimize the beam width and spatial coherence length of the partially
coherent Gaussian laser beam wave, and the receiver aperture dimension.
 To conduct analytical and simulation studies on the hybrid FSO/RF system with the
key aspects highlighted as follows:
(1) To evaluate the system performance through the analysis of the outage
probability for both FSO and RF links; and
(2) To investigate the feasibility of the proposed hybrid/channel diversity system in
the specific application of next generation Metrozones for wireless macro-
cellular networks.
 To carry out experiment demonstration of the system under study, and perform
measurements in laboratory-controlled atmospheric environment.
 To validate the feasibility of the proposed system through detailed comparison
between the experimental results and theoretical models.
1.4. Original Contributions of Research
During the course of this research, the original contributions pertaining to the design,
analysis and optimization of terrestrial FSO communication links have been achieved,
which are clearly depicted in the research road map in Figure 1.1 and highlighted here.
Figure 1.1: Research road map depicting the key challenges, degrading impacts, existing and proposed solutions for horizontal-path terrestrial
FSO communication systems. The original contributions of this thesis are summarized here, with the contributing chapters provided in brackets.
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The performance of FSO communication links with a spatially partially coherent
Gaussian laser beam is investigated from the information theory perspective in Chapter 3,
taking into account various adverse effects of the atmospheric channel and numerous
important link design criteria. In particular, a combined optical slow-fading channel model
is used to describe the influences of atmospheric loss, turbulence and PEs within the
atmospheric channel, for evaluating the important performance metrics of the FSO link
encompassing the BER, average channel capacity and outage probability. While theoretical
treatments based upon the classical unbounded plane- or spherical-wave approximations
are insufficient to characterize the propagation properties of the optical beam wave through
random turbulent medium, the Gaussian-Schell beam model is introduced in the theoretical
and simulation studies; which considers the diverging and focusing characteristics of the
PCB, and the scintillation and beam wander effects arising from the turbulent eddies.
These turbulence-induced effects result in the aggravation of optical irradiance fluctuations
and random signal losses at the receiver side; in which such stochastic behaviour can be
appropriately modelled by the log-normal and gamma-gamma distributions, valid in the
weak-to-moderate and moderate-to-strong scenarios, respectively. Hence, this study
presents a holistic perspective for optimal planning and design of horizontal FSO
communication links employing spatially partially coherent Gaussian laser beams. The
corresponding results and findings are reported in [J3], [C3] and [C4].
Joint investigation of the effects of a partially coherent Gaussian laser beam and
aperture averaging is presented in Chapter 4, in order to examine the resulting impact of
the PCB parameters and receiver aperture diameter on the average channel capacity of the
FSO link, in the presence of turbulence-induced beam wander and scintillation effects and
PEs. This in turn substantiates the development of a theoretical beam width optimization
model, which takes advantage of a simple mathematical solution to determine the optimum
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beam width. Based on the proposed theoretical model, several appealing observations are
obtained and reported for the first time in [J2].
Through subsequent studies on the propagation properties and performance of PCB
through random turbulent media, a joint beam width and spatial coherence length
optimization technique is proposed in Chapter 4, while taking into account the aperture-
averaging effect; in order to enable the effective mitigation of the scintillation effects and
PE loss, thus maximizing the average channel capacity in partially coherent FSO links. In
particular, an optimization metric, known as the beam spreading gain is developed to
examine the changing behaviour of the optimum beam divergence, by providing a feasible
translation of the joint optimal transmitter beam parameters into an analogous level of
divergence of the received optical beam. The proposed technique and important results
derived from this work are reported in [J1] and [C5].
Joint investigation and practical demonstration of the effects of aperture averaging
and beam width on the FSO link are presented in Chapter 5, based on a carefully designed
experiment setup to reproduce the turbulence-induced scintillation effects typically
encountered in the FSO communication channel on outdoor environment. The proposed
experimental study reports here for the first time the characterization of the combined
effects of aperture averaging and beam width for a Gaussian laser beam under laboratory-
controlled atmospheric turbulence conditions. In particular, the probability density
distributions of the received optical signal are estimated from the experimental data, in
order to examine the extent of signal fluctuations resulting from the diminishing effects of
aperture averaging and increase in scintillations; and then compared with the theoretical
lognormal and gamma-gamma turbulence models through a series of goodness-of-fit (GOF)
tests. The experimental results and findings are presented in [J4] and [C6].Taking into
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account numerous transmitter beam radius, turbulent channel conditions and receiver
aperture dimensions in the experiment, it is demonstrated in Chapter 5 that the aperture-
averaging factor exhibits a linear characteristics with respect to the changes in the point-
received scintillation index, which can be represented by a first-order linear regression
model. Regression analysis is introduced and applied in the proposed experimental study to
determine the coefficients of the model; and the accuracy of the linear regression model in
describing this empirical-based relationship is validated through the GOF tests.
Furthermore, a comparison study on the performance of an aperture-averaged optical
receiver and its corresponding finite point receiver is carried out, in order to evaluate the
achievable performance enhancement with aperture averaging. The proposed experimental
work is presented in [J5].
The media diversity technique is introduced in the terrestrial FSO communication
systems, which takes advantage of the symbiotic relationship between the FSO and RF
technologies, in order to overcome the link outage challenge resulting from severe
atmospheric loss under adverse weather effects, such as fog and haze. In particular, the
concept of hybrid FSO/RF is applied to a case study for next generation Metrozones in
wireless macro-cellular networks in Chapter 6. Feasibility studies are performed in the
proposed study to examine the time-varying characteristics of the base transceiver station
(BTS) daily traffic profile, and to evaluate the outage performance of the proposed hybrid
FSO/RF systems under different weather conditions.
New hybrid-BTS (H-BTS) system architecture for the green Metrozones is proposed
in Chapter 6, in which a radio resource management (RRM) module encompassing a
resource prioritization mechanism is designed and introduced into the system hub of the
proposed architecture. In addition, a basic access signalling (BAS) scheme is considered,
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which necessitates the discovery, registration and monitoring of active metro access points
(M-APs), in order to enable the sleep-wake-on-demand (SWoD) mechanism and
cooperative inter-cell support. The proposed approach and results based on the hybrid
FSO/RF systems for green Metrozones are collectively reported in [B1], [C1] and [C2].
1.5. Research Outcome
Book Chapter
[B1] I. E. Lee, Z. Ghassemlooy, W. P. Ng, and M. A. Khalighi, “Green-Inspired Hybrid
Base Transceiver Station Architecture with Joint FSO/RF Wireless Backhauling
and Basic Access Signalling for Next Generation Metrozones”, in Green
Networking and Communications: ICT for Sustainability, Boca Raton, FL: Taylor
& Francis Group, 2014.
Journals
[J1] I. E. Lee, Z. Ghassemlooy, W. P. Ng, and M. A. Khalighi, “Joint optimization of a
partially coherent Gaussian beam for free-space optical communication over
turbulent channels with pointing errors”, Opt. Lett., vol. 38, no. 3, pp. 350-352, Feb.
2013.
[J2] I. E. Lee, Z. Ghassemlooy, W. P. Ng, and M. A. Khalighi, “Reducing pointing
errors in free space optical links with a partially coherent Gaussian beam”, IEEE
Photon. Technol. Lett., under review.
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[J3] I. E. Lee, Z. Ghassemlooy, W. P. Ng, M. A. Khalighi, and S. K. Liaw, “Effects of
aperture averaging and beam width on a partially coherent Gaussian beam over free
space optical links with pointing errors”, J. Lightw. Technol., under review.
[J4] I. E. Lee, Z. Ghassemlooy, and W. P. Ng, “Characterization of the aperture-
averaging effect for Gaussian beam waves in free space optical links under
controlled turbulence condition”, J. Lightw. Technol., to be submitted.
[J5] I. E. Lee, Z. Ghassemlooy, and W. P. Ng, “Experimental demonstration of the
effects of aperture-averaging and beam width on a Gaussian laser beam over free
space optical links under controlled turbulence conditions”, Opt. Lett., to be
submitted.
Conferences
[C1] I. E. Lee, Z. Ghassemlooy, W. P. Ng, and S. Rajbhandari, “Fundamental analysis of
hybrid free space optical and radio frequency communication systems”, in Proc.
12th Annual Post Graduate Symposium on the Convergence of
Telecommunications, Networking and Broadcasting (PGNet 2011), pp. 281-285,
Jun. 2011.
[C2] I. E. Lee, Z. Ghassemlooy, W. P. Ng, and M. A. Khalighi, “Green-inspired hybrid
FSO/RF wireless backhauling and basic access signalling for next generation
Metrozones”, in Proc. 2nd International Symposium on Environment-Friendly
Energies and Applications (EFEA 2012), pp. 230-236, Jun. 2012.
[C3] I. E. Lee, Z. Ghassemlooy, and W. P. Ng, “Effects of aperture averaging and beam
width on Gaussian free space optical links in the presence of atmospheric
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turbulence and pointing error”, in Proc. 14th International Conference on
Transparent Optical Networks (ICTON 2012), pp. 1-4, Jul. 2012.
[C4] I. E. Lee, Z. Ghassemlooy, W. P. Ng, and M. Uysal, “Performance analysis of free
space optical links over turbulence and misalignment induced fading channels”, in
Proc. 8th International Symposium on Communication Systems, Networks and
Digital Signal Processing (CSNDSP 2012), pp. 1-6, Jul. 2012.
[C5] I. E. Lee, Z. Ghassemlooy, W. P. Ng, M. A. Khalighi, and M. Uysal, “Capacity
analysis of free space optical links for a partially coherent Gaussian beam over a
turbulent channel with pointing errors”, in Proc. 18th European Conference on
Networks and Optical Communications (NOC 2013), pp. 281-286, Jul. 2013.
[C6] I. E. Lee, Z. Ghassemlooy, and W. P. Ng, “Experimental demonstration of the
effects of aperture averaging under controlled turbulence condition”, presented at
the 5th EU COST Action IC1101 Management Committee meeting co-located with
the 2nd International Workshop on Optical Wireless Communications (IWOW
2013), Newcastle Upon Tyne, United Kingdom, Oct. 23, 2013.
1.6. Organization of the Thesis
This thesis mainly focuses on the performance analysis and optimization of
horizontal-path FSO communications for long-distance terrestrial applications (in excess of
5 km); in which the relevant background information, key contributions and results, and in-
depth discussions on the notable findings derived from the proposed work are presented
and organized as follows:
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The present chapter introduces the terrestrial FSO communications as a viable
technology option, particularly in complementing the existing wireless RF solutions; in
which the technical advantages and major limitations of the FSO systems are highlighted
accordingly here. Taking into account the main challenges and open research issues
pertaining to the system under study addressed in Section 1.2, the aims and objectives of
the proposed research study are outlined in Section 1.3. Correspondingly, the original
contributions and outcomes of this research project are presented in Section 1.4 and
Section 1.5, respectively.
In Chapter 2, a comprehensive review and discussion pertaining to the key aspects of
FSO technology are presented, which include: (1) the link built-up and operating principles
of the proposed system model based upon the single-input single-output (SISO) horizontal-
path FSO communication links for long-distance terrestrial applications; (2) the relevant
components encompassing the optical transmitter and receiver; and (3) the important
characteristics and modelling of the atmospheric channel. In particular, the widely adopted
optical sources are extensively reviewed and compared. The Gaussian-Schell beam model
is introduced and applied in the optical wave propagation analysis of a spatially partially
coherent Gaussian laser beam, in order to characterize the propagation properties of the
optical laser beam, under the influence of optical turbulence in the atmosphere. Moreover,
the FSO communication channel comprising the atmospheric loss, optical turbulence-
induced beam wander and scintillation effects and misalignment-induced PEs are
explained in detail, with particular emphasis on the occurrence, characteristics, resulting
impacts and modelling of the respective phenomena. These channel components are
collectively described by the combined channel fading model, which is thoroughly
examined and taken into account in the theoretical analysis and simulation studies of this
research project. Furthermore, the common types of photodetectors used almost
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exclusively for FSO applications are reviewed and compared, and the total noise
contributions to the receiver front-end are discussed here. The effects of the aperture-
averaging phenomenon in mitigating the random temporal fluctuations in the optical
intensity of the laser beam through the intentional utilization of enlarged receiver apertures
in direct detection systems are explicitly described here.
Next, Chapter 3 investigates the performance of partially coherent FSO
communication links from the information theory perspective; in which the relevant
performance metrics comprising the BER, the probability of outage, and the average
capacity for both cases of known and unknown CSI at the receiver are extensively
reviewed. Taking into account the influence of different operating conditions and
important link design criteria, the outage analysis is performed and notable findings are
depicted here; demonstrating the necessity of optimization methods to minimize the FSO
link outages under changing atmospheric channel effects. The effects of aperture-averaging
on the average channel capacity of FSO links employing spatially partially coherent
Gaussian laser beams are reported for the first time; showing that an improvement in the
FSO channel capacity can be achieved with the introduction of an enlarged receiver
aperture, albeit without knowledge of the channel state conditions. Further simulation
studies are carried out to examine the impacts of numerous link design criteria on the
alteration of the PCB characteristics, which in turn reveal that beam width optimization is a
feasible approach in promoting capacity enhancement for long-distance horizontal FSO
communication links.
In Chapter 4, joint investigation of the effects of a spatially partially coherent
Gaussian beam and aperture averaging is presented from the information theory
perspective; demonstrating the distinctive advantages of introducing an enlarged receiver
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aperture, and the interest of optimizing the beam width to maximize the average capacity.
A theoretical beam width optimization model is proposed, which takes advantage of a
simple mathematical solution to determine the optimum beam width; and hence, several
new and appealing observations are discovered and reported here. Furthermore, a joint
beam width and spatial coherence length optimization technique is proposed to maximize
the average channel capacity in partially coherent FSO communication links, while taking
into account the aperture-averaging effect. In particular, an optimization metric is
developed to examine the characteristics of the optimum beam divergence, whereby it is
shown that both the beam width and spatial coherence length of the Gaussian laser beam
must be adjusted accordingly to optimize the beam divergence by a factor of the beam
spreading gain.
Then, Chapter 5 presents the joint investigation and experimental demonstration of
the effects of aperture averaging and beam width on the FSO link, under laboratory-
controlled atmospheric turbulence conditions; in which the experiment setup, data
acquisition and post-analysis processes are explained in detail here. Taking into account a
variety of transmitter beam radius, turbulent channel conditions and receiver aperture
dimensions, the aperture-averaging effect is examined and characterized through the
probability density distributions of the received optical signal; which are then compared
with respect to the theoretical lognormal and gamma-gamma turbulence models through a
series of GOF tests. Subsequent analysis are performed to study the relationship between
the aperture-averaging factor and point-received scintillation index, which can be
resembled by a first-order linear regression model with good accuracy, as validated
through the GOF tests; and the coefficients of the model are determined through curve
fitting technique. A comparison study of the measured Q-factor between an aperture-
averaged optical receiver and its corresponding finite point receiver is carried out,
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demonstrating that performance enhancement of manifold gain can be achieved with
increasing scaled aperture size.
In Chapter 6, a point-to-point hybrid FSO/RF communication system is conceptually
described and modeled as a system architecture having a pair of independent, non-ergodic
channels with random states, in which the information signal is transmitted through the
parallel fluctuating channels. The viability of deploying the media diversity technique is
investigated through a case study for next generation Metrozones in wireless macro-
cellular networks, in which a new H-BTS system architecture is proposed for the green
Metrozones. The hybrid FSO/RF system is integrated at the macro-cellular tier, to enable
high-capacity, power-efficient wireless backhauling. A resource prioritization mechanism
is designed, to maintain good control and optimal on-demand resource allocation, and to
establish sustainable backhaul link availability via essential switching between the FSO
and RF sub-systems. Next, a BAS scheme is introduced, to necessitate the discovery,
registration and monitoring of active M-APs. The proposed BAS scheme enables the
SWoD mechanism and the cooperative inter-cell support. Furthermore, feasibility studies
are performed to examine the time-varying characteristics of the BTS daily traffic profile,
and to evaluate the outage performance of the proposed hybrid FSO/RF systems under
different weather conditions; thus revealing the importance of adaptation and optimization
at the link- and system-level for Metrozones deployment, due to the occurrence of
numerous time-varying factors in real networks.
Finally, Chapter 7 presents the key concluding remarks and recommendations and
directions for future research.
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An Overview of Free-Space
Optical Communications
2.1. Introduction
The introduction of the first working Light Amplification by Stimulated Emission of
Radiation device (widely known for its acronym LASER) in 1960, has spurred a plethora of
research efforts to discover new and more advanced applications involving this light-
emitting device. In particular, it was suggested that lasers be used to extend RF
atmospheric communications and radar techniques to the optical-frequency band, which in
turn marked the humble beginnings of terrestrial FSO communications, as evident by the
initial flurry of activities and FSO demonstrations in the early 1960s [86]. With the rapid
development and maturity of optoelectronic devices, the FSO technology is now capable of
delivering up to 2.5 Gbps of data, voice and video communications through the air, and
enabling optical connectivity without the need of fibre-optic cable [11, 87]. Driven by the
CHAPTER
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ever-increasing demand for high-data-rate connectivity in face of new and emerging
applications requiring more sophisticated services, network operators are steered towards
deploying fibre-optic backbone in local area networks (LANs), metropolitan area networks
(MANs) and wide area networks (WANs). While classical RF bandwidth has approached
its limitation and cannot fully utilize the high bandwidth offered by the fibre-optic
backbone, FSO communications presents a viable line-of-sight (LOS), high-speed and
secure wireless technology that can facilitate the realization of next-generation carrier-
grade high-reliability backbone and last-mile network access, thus overcoming the capacity
challenges in an inexpensive and timely manner [83].
To substantiate the design, analysis and optimization of FSO communication systems
for long-distance terrestrial applications, this chapter presents an extensive review and
discussion on the key aspects of the FSO technology, which include:
(1) The link built-up based upon the SISO horizontal-path FSO communication links (in
Section 2.2);
(2) The widely adopted optical sources (in Section 2.3.1) and their implications on eye
safety (in Section 2.3.2), and the Gaussian-beam wave model (in Section 2.3.3) in
characterizing the propagation properties of the optical laser beam in free-space;
(3) The important characteristics and modelling of the atmospheric propagation channel
effects encompassing the atmospheric loss (in Section 2.4.1), optical turbulence-
induced beam wander and scintillation (in Section 2.4.2), and misalignment-induced
PEs (in Section 2.4.3), which are collectively described by the combined channel
fading model (in Section 2.4.4); and
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(4) The common types of photodetectors (in Section 2.5.1) and their respective noise
contributions to the optical receiver front-end (in Section 2.5.2), and the relevant
analytical model in describing the aperture-averaging phenomenon (in Section 2.5.3).
2.2. System Model
Figure 2.1 illustrates the block diagram of a SISO horizontal FSO communication
link, employing intensity modulation with direct detection (IM/DD) and the non-return-to-
zero on-off keying (NRZ-OOK) technique. In principle, the information-bearing electrical
signals are modulated onto the instantaneous intensity of a collimated Gaussian-beam
wave operating in the lowest-order transverse electromagnetic (TEM00) mode [88, 89], and
then goes through a phase diffuser [90, 91]. The latter alters the divergence of the optical
beam while retaining its beamlike (i.e., highly directional) properties [11, 92]. Next, the
PCB propagates along a horizontal path through a turbulent channel with additive white
Gaussian noise (AWGN), in the presence of beam extinction and PEs, in which the
turbulence is assumed to be uniform across the link [6]. At the receiving-end, the optical
signals are collected by a finite Gaussian lens [11, 24] before being focused onto a
photodetector, which in turn converts the received optical intensities into a resulting
photocurrent.
The received signal ݕ఑ can be described by the conventional channel model [29, 34]:ݕ఑ = ℎߛݔ఑ + ݊௢ ; (2.1)
where ℎ is the channel state, ߛ is the detector responsivity (in A/W), ݔ఑ ∈ {0, 2 FܲSO} is the
optical power of the transmitted signal which corresponds to the message signal ݉఑ taking
values 0 or 1, FܲSO is the average transmitted optical power, and ݊௢ is signal-independent
AWGN with zero mean and variance ߪ௡ଶ. The noise ݊௢ arises from various sources, such as
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shot noise caused by the signal itself and/or ambient light, dark current noise, and electrical
thermal noise [6]. For a slow-fading channel with OOK signalling, the received electrical
signal-to-noise ratio (SNR) is defined as [24, 93]:
ܴܵܰ(ℎ) = 2 FܲSOଶ ߛଶℎଶߪ௡ଶ ; (2.2)
and is a fluctuating term (i.e., an instantaneous value) due to the influence of ℎ, which is
chosen from the random ensemble according to the distribution ௛݂(ℎ).
The channel state ℎ models the optical intensity fluctuations resulting from
atmospheric loss, and turbulence- and misalignment-induced channel fading, which can be
described as [24, 94]: ℎ = ℎ௟ℎ௦ℎ௣ ; (2.3)
where ℎ௟ , ℎ௦ and ℎ௣ denote the attenuation due to beam extinction arising from both
scattering and absorption, scintillation effects, and geometric spread and PEs, respectively.
The attenuation ℎ௟ is a deterministic component which exhibits no randomness in its
behaviour, thus acting as a fixed scaling factor for a long period of time (i.e., on the order
Figure 2.1: Block diagram of a single-input single-output horizontal FSO communication
link.
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of hours) that stands in contrast to the bit intervals in ranges of nanoseconds or less [29].
On the other hand, both ℎ௦ and ℎ௣ are time-variant factors, exhibiting variations in the
fading channel on the order of milliseconds, in which their stochastic behaviour are
described by their respective distributions [25, 65, 95].
2.3. Transmitter
2.3.1. Optical Sources
Semiconductor light-emitting diodes (LEDs) and laser diodes (LDs) are widely
employed as the optical sources for wireless optical communications, in order to convert
an electrical input signal into the corresponding optical signal. The main advantages of
these semiconductor optical sources include: (1) compact size; (2) high efficiency; (3)
good reliability; (4) desirable wavelength and linewidth; (5) low forward voltage and drive
current; (6) high modulation bandwidth, implying the possibility of direct modulation at
relatively high frequencies; and (7) excellent brightness in the visible wavelengths, with
the option of emission at a single wavelength or range of wavelengths [23, 96].
In principle, solid-state light-emitting devices are p-n junction diodes operating
under the forward-biased condition, which produce an optical intensity approximately
linearly related to the drive current through the recombination of a large proportion of the
injected minority carriers by giving up their energy as emitted photons. Direct bandgap
semiconductor materials (typically of compound group III and group V elements) are
commonly used in the construction of light-emitting devices, whereby the extrema of the
conduction and valence bands coincide at the same wave vector value, as depicted in
Figure 2.2(a) [97]. The electrons with the lowest allowed energy in the conduction band
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have very similar crystal momentum (resembled by the wave vector) as the electrons at the
highest energy level of the valence band; thereby allowing a high probability of direct
band-to-band recombination events to take place, resulting in photon emission with
relatively high internal quantum efficiency (i.e., the ratio of the number of photons
generated to the number of carriers crossing the junction) [98]. Majority of the photons
emitted through the recombination process have energy ܧ௣௛௢௧௢௡ = ܧ௚ = ℏߥ, which can be
expressed in terms of the wavelength of the emitted photon ߣ (in nm) through the relation:
ߣ = 1240ܧ௚ ; (2.4)
where ܧ௚ is the bandgap energy of the material (in eV), ℏ is Planck’s constant, and ߥ is the
photon frequency (in Hz).
(a) (b)
Figure 2.2: One dimensional variation of band edges as a function of wave number ݇,
which illustrates (a) electron recombination and the associated photon emission for
direct bandgap semiconductor materials; and (b) electron recombination for indirect
bandgap semiconductor materials involving the transfer of phonon particles [98, 105].
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For indirect bandgap semiconductor materials (such as silicon (Si) and germanium
(Ge)), the extrema of the conduction and valence bands do not coincide at the same wave
vector value (see Figure 2.2(b)), implying that the electrons at the lowest energy level of
the conduction band has a rather different momentum compared to the electrons with the
highest energy in the valence band. As a result, the occurrence of recombination events
would rely upon crystalline lattice interaction (modelled as the transfer of phonon particles)
to absorb the surplus momentum, which in turn enables the carriers to cross the band gap.
When recombination does take place, a significant portion of the energy generated from
the recombination process is dissipated as heat due to lattice vibrations, leaving the
remaining transition energy for photon emission. Therefore, indirect bandgap
semiconductor materials produce highly inefficient light-emitting devices with poor
quantum efficiency [98].
2.3.1.1. Light-Emitting Diodes
As compound III-V semiconductor materials are desirable due to their higher
quantum efficiency, the construction of LEDs invariably takes the form of a five-layer
double heterostructure, which is shown schematically in Figure 2.3(a). The two outermost
layers are essentially contact layers, with one being the substrate on which the other layers
are grown epitaxially; and the middle three layers are collectively known as double
heterostructure, which is formed by depositing two wide bandgap materials (confinement
layers) on either side of a lower bandgap material (active layer) and doping the materials
appropriately to give diode action [97]. Under forward-biased conditions, the band diagram
forms a potential well in the low bandgap material (see Figure 2.3(b)), whereby carriers are
injected and confined within this active region for recombination events to take place; thus
resulting in spontaneous emission, a phenomenon referred to as electroluminescence [96].
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In this process, the recombination of injected carriers occurs in a random manner, causing
the photons to be generated incoherently (i.e., the phase relationship between emitted
photons is random in time). The advantages of using a double heterostructure stem from
(a)
(b)
Figure 2.3: (a) Schematic representation of an etched-well, surface-emitting, five-layer
double heterostructure light-emitting device; and (b) energy-band diagram showing the
active region, and the electron and hole barriers which confine the charge carriers within
the active region under forward-biased condition [98, 104, 105].
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the fact that electrons and holes are well-defined to the active layer, producing a higher and
more uniform concentration of carriers, such that a much higher recombination rate can be
established within the active layer for a given injection current density, thereby improving
the frequency response of the device. In addition, the losses due to absorption of radiation
can be minimized in the active layer, since the adjoining regions have a larger bandgap
than the active region, thus making the adjacent layers more transparent.
The thickness of the active layer is a critical parameter in the design and construction
of LEDs, due to the inherent trade-off between the source linearity and frequency response
of the device. The increase in thickness results in a wider range of input currents over
which the behaviour is linear, while reducing the confinement of carriers and hence
limiting the frequency response of the device. Furthermore, device self-heating remains as
another key concern affecting the performance of LEDs, whereby the drive current flowing
through the device produces heat, mainly due to the resistance of the ohmic contacts and
inefficiency of the device. The increase in temperature causes a large majority of injected
carriers to gain sufficient energy for surmounting the barrier. Correspondingly, this reduces
the confinement of carriers in the active region, and degrades the internal quantum
efficiency of the device, as evident from the non-linear drop in the output intensity with
respect to higher input drive current in Figure 2.4. Prolonged operation under high
temperature environments reduces the output optical intensity at a given current,
eventually leading to device failure [99, 100]. The impact of self-heating on linearity can
be improved through the introduction of pulsed operation and compensation circuitry [101].
2.3.1.2. Laser Diodes
Semiconductor LDs are more recent technology that evolved from the underlying
LED fabrication techniques, which can be created by placing an LED in an optically
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resonant cavity. These laser devices still depend on the transition of carriers over the
bandgap to produce radiant photons, but with modifications to the device structure, in
order to enable the efficient production of coherent light over a narrow optical bandwidth.
Coherent output light is produced when the emitted photons have the same energy,
frequency and phase as the incident photons [102, 103]. In addition to the aforementioned
spontaneous emission, the LDs must undergo a second form of photon generation process
known as stimulated emission, whereby a large threshold (forward) current is required for
population inversion to take place. In this process, an excess of electrons is maintained in
the active region through the confinement of carriers and carrier pumping of the forward
biased junction, such that the product of the number of electrons in the conduction band
and number of holes in the valence band is larger than the product of the number of
Figure 2.4: Relationship between the optical output power and input drive current for
LEDs and LDs. It is shown that the LDs produce spontaneous LED-type emissions,
when operated well below the lasing threshold [100].
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electrons in the valence band and the number of holes (empty states) in the conduction
band. For LDs operating well below the threshold level of the input drive current, the
radiation of photons is typically dominated by spontaneous emission, thus causing the
device to behave essentially as a low intensity LED (see Figure 2.4). Upon surpassing the
threshold current, the LDs exhibit an approximately linear variation of output optical
intensity in terms of input drive current and a high optical efficiency, as indicated by a
sharp increase in the slope within the stimulated emission region of the characteristics
curve in Figure 2.4. Therefore, laser action encompasses three key transition processes,
which include photon absorption, spontaneous emission and stimulated emission, as
illustrated in Figure 2.5 [97, 104].
To achieve a sustainable lasing process, the double heterostructure of semiconductor
lasers are modified to provide optical feedback, which occurs essentially by placing a
reflective surface to send generated photons back through the active region to re-initiate
(a) (b) (c)
Figure 2.5: Two-energy-level diagrams depicting the three key transition processes
involved in laser action, which include: (a) absorption, (b) spontaneous emission, and (c)
stimulated emission; where ܧଵ and ܧଶ denote the ground- and excited-state energies,
respectively. The open circle represents the initial state of the electron, and the filled circle
indicates the final state. The incident photons are shown on the left of each diagram,
whereas the emitted photons are presented on the right [98, 105].
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the recombination process, thereby converting an amplifier into an oscillator. The optical
feedback operation is analogous to microwave resonators, which confine electromagnetic
energy by high conductivity metal; and can be made possible using various techniques, in
which the more common approaches include the Fabry-Perot and distributed feedback
(DFB) methods.
2.3.1.3. Comparison between Optical Sources
The main advantage of LDs over LEDs is in the speed of operation, which is a key
criterion affecting the maximum achievable bit rate of wireless optical systems. In the
event of stimulated emission, the recombination time constant is approximately one to two
orders of magnitude shorter compared to spontaneous recombination [105]; thus allowing
the LDs to operate at pulse rates up to tens of gigahertz, while the modulation bandwidth
of LEDs are limited to a few hundred megahertz. Therefore, the LDs present a more viable
alternative for high data rate applications, due to the inherently higher modulation
bandwidth of such optical sources for supporting high communication speeds. In addition,
the LDs have higher electrical-to-optical conversion efficiency, typically ranging between
30 % and 70 %; whereas the efficiencies of LEDs are limited between 10 % and 20 %
[106]. The necessity of rendering laser output eye safe presents an important design
limitation for wireless optical applications involving the use of LDs, due to the coherency
and high intensity of the emitted radiation. Correspondingly, the output light must be
diffused appropriately through the use of filters, in order to reduce the power of the laser
device, while inadvertently increasing the system cost. Table 2.1 summarizes and
compares the technical properties and features of semiconductor LDs and LEDs for
wireless optical applications [23, 103].
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The design of terrestrial FSO communication systems must take into account the
atmospheric propagation effects, due to various meteorological conditions (such as rain,
fog and snow) and high levels of atmospheric turbulence across the horizontal path, which
affect the system performance in different degrees. In addition, the transmission of optical
signal in free-space over longer link distances under direct sun’s contribution would
require careful selection of optical source. The superior characteristics of the LDs
encompassing high modulation bandwidth (for achieving higher data rate), efficient
electrical-to-optical conversion, extremely narrow spectral width and high optical launch
power capability, make these devices desirable for long-distance outdoor directed-LOS
FSO links. The choice of optical wavelength for the LDs is dependent on a variety of
Table 2.1: Comparison of the technical properties and features between an LED and a
semiconductor LD [23, 104].
Characteristics LED LD
Optical output power Low power High power
Optical spectral width 25 – 100 nm 0.01 – 5 nm
Modulation bandwidth Tens of kHz to hundreds of MHz Tens of kHz to tens of GHz
Electrical-to-optical conversion
efficiency
10 – 20 % 30 – 70 %
Directionality Beam is broader and spreading Beam is directional and highly
collimated
Coherence Non-coherent Coherent
Eye safety Considered eye safe Must be rendered eye safe
Reliability High Moderate
Drive and control circuitry Simple to use and control Threshold and temperature
compensation circuitry
Temperature dependence Low High
Cost Low Moderate to high
Harmonic distortions High Low
Receiving optical filter Wide (higher noise floor) Narrow (lower noise floor)
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factors, which include: atmospheric conditions and the resulting channel characteristics,
optical background noise, laser technology, photodetectors, and optical filters [23].
2.3.2. Eye Safety
From a theoretical perspective, deliberately increasing the launch power of an optical
source can overcome some of the data transmission limitations suffered by the optical
wireless technology, such as compensating for the high attenuation of the transmitted
optical signal when propagating through air, increasing the link range of the system, and
improving the SNR and maximum achievable bit rate [10, 107]. While high optical launch
power is desirable to approach the promised bit rates, direct exposure of such intense
optical radiation can impose hazardous impact on human safety, potentially causing harm
to the eye and skin. The peril level of the optical emitter is determined by various factors,
which include: source type, signal wavelength, radiation power, flux density (i.e., the
power per unit area), and exposure time (i.e., the length of time that the eye is exposed to
the source).
The International Electrotechnical Commission (IEC) standard has been widely
adopted in classifying the use of lasers based upon their respective main exposure limits
into different hazards categories, as listed and succinctly described in Table 2.2. Table 2.3
presents the allowable limits for the average transmitted optical power for the different IEC
safety classes (listed in Table 2.2) at four different wavelengths [108]; which is computed
based on the assumption of a point source, with optical radiation emitting from a small
aperture and diverging slowly as is the case in LDs. With reference to the observed trend
for Class 1 operation, it is apparent that the allowable average optical power increases with
respect to larger optical wavelength (i.e., a 1550-nm laser source can produce at least 20
times more optical power than a 880-nm emitter); thereby suggesting that the far-infrared
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wavelengths are best suited to wireless optical links, due to their considerably higher
optical power budget for Class 1 operation.
Class 1 laser products are inherently safe and most desirable for wireless optical
application, since optical emissions from these sources are safe under all circumstances;
and hence, no warning labels or special safety precautions are required. Class 1M (an
extension to Class 1) laser devices refer to sources that are safe under normal operation,
Table 2.2: Interpretation of IEC safety classification for optical sources [23, 104].
Class Interpretation
Class 1 Low-power devices emitting radiation at a wavelength in the band 302.5 –
4000 nm. The optical sources are intrinsically safe under all reasonably
foreseeable conditions of operation, including the use of optical instruments
(such as monocular, binoculars, microscope, etc.).
Class 1M An extension of Class 1 with the possibility of danger when viewed with
optical instruments (such as binoculars, telescope, etc.). Class 1M sources
produce large-diameter (i.e., divergent) optical beams.
Class 2 This safety class is applicable to low-power visible light sources only, with
wavelengths ranging between 400 nm and 700 nm. Eye protection is afforded
by aversion responses including blink reflex, which provides effective
protection under all reasonably foreseeable usage conditions, including the use
of optical instruments (such as monocular, binoculars, microscope, etc.).
Class 2M An extension of Class 2 with the possibility of danger when viewed with
optical instruments (such as binoculars, telescope, etc.)
Class 3A Average-power devices emitting radiation at a wavelength in the band 302.5 –
4000 nm. The optical sources are safe for viewing with unaided eye. Direct
intra-beam viewing with optical aids may be hazardous.
Class 3B Low-power devices emitting radiation at a wavelength in the band 302.5 –
4000 nm. Direct intra-beam viewing is always hazardous. Viewing diffuse
reflections is normally safe.
Class 4 Laser emissions with high optical power levels, which may impose hazardous
impact on the eye and skin and possibility of fire risk. The laser devices must
be equipped with a key switch and safety interlock. Medical checks and
specific training are required prior to the installation or maintenance of laser
equipments.
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but may inflict eye hazards when viewed with optical instruments [109]. Class 2 applies to
optical radiation spanning the visible spectrum between 400 nm and 700 nm, and can be
operated safely with eye protection supported by blink or aversion responses (i.e., the
natural ability of the eye to protect itself by blinking, with typical response time of
approximately 250 ms). This safety classification is only valid for visible-light sources,
mainly because the blink response of the eye does not operate with energy in the near-
infrared region of the electromagnetic spectrum [110]. Class 2M is a new category
included in the new version of the standard, which refers to lasers sources that are safe
under the operation of blink or aversion response and without the use of optical
instruments. Class 3 (further classified into Class 3A and Class 3B) laser products can
operate at a much higher power level, typically ranging between 1 mW and 0.5 W; thereby
potentially causing damage to the human eye even when viewing the specular reflections
of optical emissions. For applications involving the use of Class 3 lasers, it is important to
wear the appropriate protective eyewear, as a measure to prevent eye hazards in the case of
accidentally coming into contact with the (direct and/or reflected) beam paths. Outdoor
point-to-point FSO systems generally use high-power lasers operating in the Class 3B band,
Table 2.3: Safety classification of point sources in accordance to the allowable average
optical power output for a variety of optical wavelengths [104].
Safety 650 nm 880 nm 1310 nm 1550 nm
Class visible infrared infrared infrared
Class 1 < 0.2 mW < 0.5 mW < 8.8 mW < 10 mW
Class 2 0.2 – 1 mW Not applicable Not applicable Not applicable
Class 3A 1 – 5 mW 0.5 – 2.5 mW 8.8 – 45 mW 10 – 50 mW
Class 3B 5 – 500 mW 2.5 – 500 mW 45 – 500 mW 50 – 500 Mw
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in order to achieve a good power budget for delivering high data rate transmission over
moderate-to-long link distances; whereby safety can be maintained by locating optical
terminals on rooftops, towers or high walls to prevent inadvertent human interruption [108].
When appropriate optics are employed to spread the laser radiation over a wider beam
divergence angle, FSO systems operating in Class 3B mode can be reduced to a safer Class
1M. While divergent beams are advantageous in addressing eye safety issues, the author
demonstrates (in Chapter 3 and Chapter 4) that laser sources with larger receiver beam size
are capable of mitigating the turbulence-induced scintillations and PEs in terrestrial FSO
systems.
2.3.3. Gaussian-BeamWave
The propagation of optical beams in free-space can be described by the plane wave,
spherical wave and Gaussian-beam wave models, in which the latter is most often
preferred and introduced in optical wave propagation analysis. This is mainly because the
simplified field models based upon the unbounded plane and spherical wave
approximations are insufficient to characterize the propagation properties of the optical
beam waves, particularly when focusing and diverging characteristics are important. The
free-space propagation of a lowest-order Gaussian-beam wave (i.e., TEM00 wave) is
considered, with properties defined as follow:
(1) The exit aperture of the transmitter is located in the plane ݖ = 0;
(2) The intensity distribution of the optical laser beam in the z-plane is Gaussian with an
effective beam radius (spot size) ݓ଴ (in m), which represents the beam width at
which the field amplitude falls to 1/e of its peak on the beam axis, as depicted in
Figure 2.6; and
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(3) The phase front radius of curvature ܨ଴ (in m) is taken to be parabolic, in which the
three possible scenarios of ܨ଴ = ∞ , ܨ଴ > 0 and ܨ଴ < 0 correspond to collimated,
convergent and divergent beam forms, respectively (see Figure 2.7) [11].
At ݖ ൌ 0, the free-space electric field of the optical beam wave having unit amplitude and
propagating predominantly along the z-axis is given by [89, 111]:
ݖ = 0: ܷ(ݎ, 0) = exp ቈ−ቆ 1ݓ଴ଶ + ݆݇2ܨ଴ቇݎଶ቉ = exp ൬−12ߙ଴݇ݎଶ൰ ; (2.5)
where ݎ ൌ |r| is the magnitude of the transversal distance from the beam centre line,݇ ൌ ʹߨ ߣ⁄ is the optical wave number with ߣ being the laser wavelength, ݆ ൌ √−1, and ߙ଴
(in m
-1
) is a complex parameter related to the transmitter beam width and phase front
radius of curvature according to the relation:
Figure 2.6: Optical intensity profile of a lowest-order Gaussian-beam wave showing the
beam width (i.e., spot size) ݓ଴ at which the field amplitude falls to 1/e of its peak on the
beam axis [11, 115].
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ߙ଴ = 2݇ݓ଴ଶ + ݆ 1ܨ଴ . (2.6)
After propagating through a distance ܮ from the transmitter, the free-space optical
field in the receiver plane at ݖ = ܮ becomes [112]:
Figure 2.7: Lowest-order Gaussian-beam wave with an effective beam radius ݓ଴ and
phase front radius of curvature ܨ଴ under three possible scenarios of (a) collimated (ܨ଴ =∞); (b) convergent (ܨ଴ > 0); and (c) divergent (ܨ଴ < 0) beams [11].
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ݖ = ܮ: ܷ(ߩ, ܮ) = exp(݆݇ܮ)Θ௡ + ݆Λ௡ exp ቈ−ቆ 1ݓ௅ଶ + ݆݇2ܨ௅ቇߩଶ቉ , (2.7)
where the non-dimensional input (transmitter) beam parameters are given by [112, 113]:
Θ௡ = 1 − ܮܨ଴     and    Λ௡ = 2ܮ݇ݓ଴ଶ . (2.8)
The curvature parameter Θ௡ characterizes the refractive (focusing) properties in terms of
deviation of the wave-front curvature from the optimal focusing condition ܨ଴ = ܮ, whereas
the Fresnel ratio Λ௡ depicts the diffractive changes in the on-axis amplitude of the
Gaussian beam. The beam width ݓ௅ and phase front radius of curvature ܨ௅ at the output
(receiver) plane are expressed in terms of the normalized components (in (2.8)) as:
ݓ௅ = ݓ଴ටΘ௡ଶ + Λ௡ଶ , and (2.9)
ܨ௅ = ܮ൫Θ௡ଶ + Λ௡ଶ൯Θ௡(1− Θ௡) − Λ௡ଶ , respectively. (2.10)
In the case of a collimated beam, the parameters ݓ௅ and ܨ௅ can be described as a function
of ܮ through the well-known expressions below [114]:
ݓ௅ = ݓ଴ඨ1 + ߣܮߨݓ଴ଶ , and (2.11)
ܨ௅ = ܮඨ1 + ߨݓ଴ଶߣܮ . (2.12)
The irradiance or intensity of the optical wave is a function of the axial ݖ and radial ݎ
distances, and can be found by taking the squared magnitude of the field. Correspondingly,
the average intensity at the receiver is given by [11, 114]:
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ܫ(ݎ, ܮ) = |ܷ(ݎ, ܮ)|ଶ = ܫ(0, ܮ)exp ቈ−2ݎଶݓ௅ଶ ቉ ; (2.13)
where ܫ(0, ܮ) resembles the on-axis irradiance with relation as follow:
ܫ(0, ܮ) = ݓ଴ଶݓ௅ଶ = 1Θ௡ଶ + Λ௡ଶ . (2.14)
2.4. The Free-Space Optical Communication Channel
2.4.1. Atmospheric Loss
Attenuation (or extinction) of the optical beam wave limits the intensity of a
propagating optical laser beam, mainly due to the presence of a vast variety of particulate
composition within the earth’s atmosphere, which include: nitrogen (N2), oxygen (O2),
argon (Ar), ozone (O3), water (H2O), carbon dioxide (CO2), and other small particles
generated by combustion, dust, debris and soil [107, 115, 116]. These atmospheric
particles result in the adverse effects of light absorption by gaseous molecules, and
Rayleigh and Mie scattering contributed by gaseous molecules or aerosol particles
suspended in the air.
In particular, the absorption process involves the capturing of electromagnetic
radiation by a particle, and conversion of the photon energy into the kinetic energy of the
particle’s molecules, thus implying that absorption is a mechanism occurring from the
heating of the atmosphere. Atmospheric absorption is a strong function of wavelength, in
which the absorption by O2 and O3 essentially eliminates propagation of radiation at
wavelengths below 0.2 mm, whereas very little absorption is observed at the visible
wavelength window (i.e., 400 nm to 700 nm).
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The Rayleigh and Mie scattering phenomena significantly deteriorate
electromagnetic waves in the visible and infrared wavelength bands, when the optical
radiation propagates through air molecules, aerosols and particulate matters, such as fog,
haze, smoke and dust. The occurrence of Rayleigh scattering (also known as molecular
scattering) is mainly contributed by air molecules and haze particles, which are smaller in
comparison to the wavelength ߣ of electromagnetic radiation (see Figure 2.8(a)); and hence,
this scattering effect is negligible at wavelengths greater than ~3 m, since the scattering
coefficient varies in accordance to ߣିସ (a relation known as the Rayleigh law). On the
other hand, Mie scattering (or aerosol scattering) is caused by particles comparable in size
to or greater than the radiation wavelength; in which this scattering effect is concentrated
in the forward direction (as depicted in Figure 2.8(b)), and the losses decrease rapidly with
increasing wavelength, eventually approaching the Rayleigh scattering case. Since the
operating wavelengths of terrestrial FSO links (i.e., 785 nm, 850 nm and 1550 nm) are
chosen to fall within the transmission windows of the atmospheric absorption spectra, the
light absorption process does not have much contribution to the atmospheric loss [26, 109].
The scattering effects typically dominate the total attenuation coefficient, in which the type
of scattering (i.e., Rayleigh/molecular or Mie/aerosol) is determined by the size of the
atmospheric particulate with respect to the laser wavelength of operation, as described by
the dimensionless size parameter ߙ௠ of the Mie theory [117]:
ߙ௠ = 2ߨݎ௣ߣ , (2.15)
where ݎ௣ denotes the radius of the particle.
The atmospheric loss (or transmittance) is considered as a fixed scaling factor over
multiple fading states of the FSO channel; and results from the combined deterministic
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effects of absorption and scattering, which can be modelled by the exponential Beers-
Lambert law [118]: ℎ௟ = ݁ିఙ௅ , (2.16)
where ߪ denotes a wavelength- and weather-dependent attenuation coefficient, with typical
values as follows: clear air = 0.1 (0.43 dB/km); haze = 1 (4.3 dB/km); and fog = 10 (43
dB/km). For clear and foggy weather conditions, the attenuation coefficient can be
determined from the visibility data through Kim’s model [26]:
ߪ = 3.91ܸ ൬ ߣ550൰ି௤ೞ , (2.17)
where ܸ is the visibility (in km), ߣ is the laser wavelength (in nm), and ݍ௦ is a parameter
related to the particle size distribution and visibility defined by:
(a)
(b)
Figure 2.8: Distribution of the electromagnetic radiation resulting from (a) Rayleigh or
molecular scattering; and (b) Mie or aerosol scattering [11, 118].
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1.6 , ܸ > 50 km (high visibility)
1.3 , 6 km < ܸ < 50 km (average visibility)ݍ௦ = 0.16ܸ + 0.34 , 1 km < ܸ < 6 km (haze visibility)ܸ − 0.5 , 0.5 km < ܸ < 1 km (mist visibility)
0.585ܸଵ ଷ⁄ , ܸ < 0.5 km (fog visibility) .
(2.18)
2.4.2. Optical Turbulence in the Atmosphere
Through multiple decades of extensive theoretical investigations [119-124], it is
apparent that optical turbulence (i.e., random variations in the index of refraction) resulting
from inhomogeneities in the temperature and pressure of the atmosphere contributes to the
occurrence of various adverse channel effects, which include: (1) spreading of the optical
laser beam beyond that due to pure diffraction (which reduces the spatial power density
incident on the receiver); (2) random motion of the instantaneous beam centroid about the
receiver (known as beam wander); (3) random fluctuations in the irradiance of the signal-
carrying laser beam (termed as scintillations); (4) phase fluctuations; and (5) loss of spatial
coherence. In principle, beam wander is primarily caused by turbulent eddies with scales
sizes larger than the diameter of the optical beam, typically occurring near the transmitter;
whereas the scintillation effect arises when the turbulence scale sizes are on the order of
the first Fresnel zone. These turbulence-induced effects work in tandem to create random
signal losses at the optical receiver; thereby degrading the error performance due to signal
fading, and resulting in complete system annihilation under more severe channel
conditions. The theoretical background, characteristics and analytical approach pertaining
to the above-mentioned effects are introduced and discussed in detail here.
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2.4.2.1. BeamWander
In the presence of atmospheric turbulence, a finite optical laser beam is susceptible to
random deflections when propagating through free-space, which aggravates the spreading
of the optical beam due to large random inhomogeneities of the atmosphere with scale
sizes bounded above by the outer scale ܮ଴, thus causing the resultant beam to become
highly skewed from Gaussian (see Figure 2.9(a)). This phenomenon is known as beam
wander, which can be explained by the random displacement of the instantaneous beam
centroid (i.e., point of maximum irradiance termed as hot spot) off the boresight, observed
over short time periods in the receiver plane [125-129]. From a statistical point-of-view,
the beam wander effect can be characterized by the variance of the hot spot displacement
along an axis, or equivalently by the variance of the magnitude of the hot spot
displacement.
Earlier studies [130] have shown that the principle of reciprocity can be applied to
the performance of a telescope as measured by its effective coherence size in atmospheric
turbulence, whether it is functioning as part of a transmitter or as part of a receiver. By
invoking the reciprocity principle, beam wander at the receiver plane can be modelled as if
it arises from a random tilt angle at the transmitter plane, in which the random movement
of the short-term beam (i.e., instantaneous hot spot) depicted by the shaded circular regions
in Figure 2.9(b) leads to the large outer circle over a long time period. The resultant beam
width (observed at the receiver plane) is termed as the long-term spot size ݓLT, which
forms the basis for the variance of beam wander fluctuations, the square of which yields:ݓLTଶ = ݓ௅ଶ(1 + Tܶot) = ݓ௅ଶ൫1 + 1.33ߪோଶΛ௅ହ ଺⁄ ൯ ; (2.19)
where Λ௅ denotes the Fresnel ratio at the output plane, as defined by (2.46).
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Based upon the concept of short- and long-term spot size, ݓLTଶ can be expressed in
the form: ݓLTଶ = ݓ௅ଶ + ݓ௅ଶ SܶS + ݓ௅ଶ LܶS ; (2.20)
where the term Tܶot ൌ SܶS ൅ LܶS can be partitioned into a sum of small-scale ( SܶS) and
large-scale ( LܶS) contributions. It is apparent that the long-term spot size ݓLT arises from
the effects of pure diffraction spreading (as described by the first term ݓ௅ଶ), and turbulent
cells (or known as eddies) of all scale sizes due to random inhomogeneities of the
atmosphere. Turbulent eddies with scale sizes smaller than the beam diameter produce
(a) (b)
Figure 2.9: (a) Random deflections of the optical laser beam due to the beam wander
effect are observed by the movement of hot spot (i.e., instantaneous centre of maximum
irradiance) within the beam, causing the resultant beam to become highly skewed from
Gaussian; and (b) illustration of the long-term beam spot size resulting from the random
motion of the short-term beam in the receiver plane with respect to time, as indicated by
the shaded circles [11].
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small-scale beam diffraction, as interpreted by the second term ݓ௅ଶ SܶS ; in which the
combined diffractive effects of ݓ௅ଶ(1 + SܶS) (i.e., sum of the first and second term) is
defined as “beam breathing”. On the other hand, turbulent scale sizes larger than the beam
diameter lead to refractive effects known as beam wander, which causes random
displacement of the instantaneous centre of the incident optical beam in the receiver plane,
as denoted by the final term ݓ௅ଶ LܶS.
In accordance to Fante’s [123] relation between the long-term beam radius ݓLT ,
short-term beam radius ݓST, and beam wander variance 〈ݎ௖ଶ〉 of a Gaussian-beam wave, the
above analytic expression is given by:ݓLTଶ = ݓSTଶ + 〈ݎ௖ଶ〉 . (2.21)
Relating (2.21) to (2.20), the short-term beam radius ݓST can be identified by the relation:ݓST = ݓ௅ඥ1 + SܶS . (2.22)
In the case of an infinite outer scale, the expressions for ݓST and 〈ݎ௖ଶ〉 for a collimated and
focused beam is given by:
ݓ௅ඩ1 + 1.33ߪோଶΛ௅ହ ଺⁄ ൥1 − 0.66ቆ Λ௡ଶ
1 + Λ௡ଶቇଵ ଺⁄ ൩ (collimated beam)ݓST = ݓ௅ට1 + 0.35ߪோଶΛ௅ହ ଺⁄ (focused beam) . (2.23)
2.42ܥ௡ଶܮଷݓ଴ି ଵ ଷ⁄ (collimated beam)〈ݎ௖ଶ〉 =
2.72ܥ௡ଶܮଷݓ଴ି ଵ ଷ⁄ (focused beam) . (2.24)
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To substantiate the interpretation of jitter-induced PEs, the root mean square (rms)
beam wander displacement of a collimated beam is presented in the form:
ඥ〈ݎ௖ଶ〉 = 0.69ܮ ൬ ߣ
2ݓ଴൰ ൬2ݓ଴ݎ଴ ൰ହ ଺⁄ ; (2.25)
where (ߣ 2ݓ଴⁄ ) is termed as the diffraction angle of the transmitted optical beam, andݎ଴ = (0.16ܥ௡ଶ݇ଶܮ)ିଷ ହ⁄ denotes the Fried’s parameters, or the atmospheric coherence width
of a reciprocal propagating point source from the receiver at distance ܮ. It should be noted
that only the constant is different for a focused beam; and the beam wander effect arises
from random tilt phase fluctuations averaged over the transmitter aperture on the order of
(2ݓ଴ ݎ଴⁄ )ହ ଷ⁄ .
Beam jitter is defined as the whole movement of the short-term optical beam around
its unperturbed position in the receiver plane, due to random inhomogeneities of the
atmosphere bounded above by ݎ଴ (ݎ଴ ≪ ܮ଴); thereby acting like an effective wavefront tilt
at the transmitter, which can be significantly smaller than the wavefront tilt associated with
the random fluctuations of hot spot displacement. The net result of total beam wander is a
widening of the long-term beam profile near the boresight, which in turn leads to a slightly
“flattened” beam as shown in Figure 2.10(a), in comparison to the conventional Gaussian-
beam profile (dashed curve) as suggested by Rytov theory. The implication of the resultant
flattened beam profile is an “effective PE” ߪ௣௘ corresponding to the “beam centre” (i.e.,
area within the circumference of the lightly-shaded circle) as depicted by Figure 2.10(b),
which creates an increase in the longitudinal scintillation index that has not been
considered in the first-order Rytov theory. In the case of a Gaussian-beam wave obeying
the condition 2ݓ଴ < ݎ଴, the scintillation effect resulting from the jitter-induced PEs can be
explained by the presence of turbulent cells near the transmitter, with scale sizes on the
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order of the beam diameter (ʹݓ଴) and larger up to the atmospheric coherence width ݎ଴.
When ʹݓ଴ ൒ ݎ଴, the coherence width ݎ଴ diminishes.
(a)
(b)
Figure 2.10: (a) The resultant flattened beam profile (solid line) as a function of the radial
distance due to the widening of the long-term beam near the boresight, in comparison to
the conventional Gaussian-beam profile (dashed line) as suggested by Rytov theory. (b)
The net result is an effective rms PE ߪ௣௘ of the optical laser beam, as depicted by the small
circle in the centre. The long-term beam (i.e., the larger hidden circle) is perceived as the
superimposition of short-term beam over a long time period (as indicated by the shaded
circles) [11].
wST
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In the case of a collimated beam (Θ଴ = 1), the jitter-induced PE variance ߪ௣௘ଶ is
given by:
ߪ௣௘ଶ = 0.48 ൬ ߣܮ
2ݓ଴൰ଶ ൬2ݓ଴ݎ଴ ൰ହ ଷ⁄ ൥1− ቆ ܥ௥ଶݓ଴ଶ ݎ଴ଶ⁄1 + ܥ௥ଶݓ଴ଶ ݎ଴ଶ⁄ ቇଵ ଺⁄ ൩ ; (2.26)
and for a focused beam (Θ଴ = 0), the comparable expression is:
ߪ௣௘ଶ ≅ 0.54 ൬ ߣܮ
2ݓ଴൰ଶ ൬2ݓ଴ݎ଴ ൰ହ ଷ⁄ ൥1− 89ቆ ܥ௥ଶݓ଴ଶ ݎ଴ଶ⁄1 + 0.5ܥ௥ଶݓ଴ଶ ݎ଴ଶ⁄ ቇଵ ଺⁄ ൩ , (2.27)
where the parameter ܥ௥ is a scaling constant typically on the order ܥ௥ ∼ 2ߨ.
Depending on the value of the ratio (2ݓ଴ ݎ଴⁄ ), the asymptotic behaviour can be
deduced to give:
൬ ߣܮ
2ݓ଴൰ଶ ൬2ݓ଴ݎ଴ ൰ହ ଷ⁄ , 2ݓ଴ ݎ଴ ≪ 1⁄ߪ௣௘ଶ ∼൬ ߣܮ
2ݓ଴൰ଶ ൬ ݎ଴2ݓ଴൰ଵ ଷ⁄ , 2ݓ଴ ݎ଴ ≫ 1 .⁄ (2.28)
which is applicable to both collimated and focused beams. As a consequence, even though
there can be significant beam wander in some cases (i.e., with smaller optical beams), the
related PE variance in both asymptotic cases will tend to zero.
2.4.2.2. Scintillation
The inter-mixing of turbulent winds within the atmosphere with the always-present
vertical moisture and temperature gradients due to the Sun’s heating of the Earth’s surface
creates optical turbulences in the atmospheric channel. The resultant irregularities in the
space-time redistribution of the refractive index of the atmosphere (appearing in the form
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of eddies or cells, termed as optical turbules) are responsible for random fluctuations in the
intensity of the optical laser beam, a phenomenon commonly known as scintillations.
Theoretical treatments pertaining to the temporal irradiance fluctuations are largely based
upon the classical Kolmogorov theory of turbulence [11], which relies on the dimensional
analysis of isotropic velocity fields and inertial-subrange predictions of velocity spectra
and velocity structure functions. Through this statistical approach, it was discovered that a
subclass of optical turbules within the inertial subrange, defined as the range of turbulent
cell sizes bounded above by the outer scale ܮ଴ and below by the inner scale ݈଴, share a
degree of statistical consistency; thus allowing further mathematical simplifications and
approximations.
Since optical turbulence is fundamentally a nonlinear process, the energy cascade
theory of turbulence (depicted in Figure 2.11) can be conveniently adopted to describe the
structure of atmospheric turbulence. In the presence of turbulent winds with increasing
velocities, local unstable air masses (conceptualized as “eddies”) are created in the
atmosphere, with characteristic dimensions slightly smaller than, and independent of, the
parent flow. Under the influence of inertial forces originating from wind shear or
convection, the turbulent eddies of larger scale size break up into smaller turbulent eddies,
in order to form a continuum of eddy size for the transfer of energy from a macroscale ܮ଴
(i.e., outer scale of turbulence) to a microscale ݈଴ (i.e., inner scale of turbulence). The
family of turbulent eddies bounded above by the outer scale ܮ଴ and below by the inner
scale ݈଴ constitutes the inertial subrange, as derived from the Kolmogorov theory; and
exhibits the important characteristics of statistical homogeneity and isotropy. This implies
that the mean value of the stochastic field is constant; and the point-to-point correlations
between random fluctuations in the field are independent of the chosen observation points,
while showing dependency only upon the magnitude of their vector separation.
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The longitudinal structure function of wind velocity (parallel to the vector ܀۾
connecting two observation points) is given by:
ܦோோ൫ܴ௣൯ = 〈( ଵܸ − ଶܸ)ଶ〉 = ൝ܥ௏ଶ݈଴ି ସ ଷ⁄ ܴ௣ଶ , 0≪ ܴ௣ ≪ ݈଴ܥ௏ଶܴ௣ଶ ଷ⁄ , ݈଴ ≪ ܴ௣ ≪ ܮ଴ ; (2.29)
where ଵܸ and ଶܸ represent the velocity components at two points separated by distance ܴ௣,
and ܥ௏ଶ denotes the velocity structure constant (in units of m4/3s-2). Within the boundaries
of the inertial subrange (݈଴ ≪ ܴ௣ ≪ ܮ଴), the longitudinal structure function is characterized
by the universal 2/3 power law; whereas a quadratic behaviour is noted at small-scale sizes
of turbulent cells (ܴ௣ ≪ ݈଴). The velocity structure constant ܥ௏ଶ is a measure of the total
amount of energy in the turbulence, and is related to the average energy dissipation rate ߝ
(in units of m
2
/s
3
) through the relation:ܥ௏ଶ = 2ߝଶ ଷ⁄ . (2.30)݈଴ (in m) is typically on the order of the Kolmogorov microscale ߟ௄:
Figure 2.11: Conceptual illustration of the Kolmogorov energy cascade theory of
turbulence. Within the inertial subrange, the family of turbulent eddies bounded above by
the outer scale ܮ଴ and below by the inner scale ݈଴ exhibits statistical homogeneity and
isotropy [11].
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݈଴ ∼ ߟ௄ = ቆߥ௄ଷߝ ቇଵ ସ⁄ , (2.31)
where ߥ௄ resembles the kinematic viscosity. The inverse relationship between ݈଴ and ߝ
reveals that the strong turbulence has smaller inner scales, whereas the weak turbulence
has larger inner scales. On the other hand, ܮ଴ is a function of ߝଵ ଶ⁄ ; hence, varies in direct
proportion to the strength of turbulence. In the case of statistically homogeneous and
isotropic temperature fluctuations, the Kolmogorov theory is extended these conservative
passive scalars (which do not involve the exchange of energy with the velocity turbulence)
to define the associated structure functions as follows:
ܦ்൫ܴ௣൯ = 〈( ଵܶ − ଶܶ)ଶ〉 = ൝ܥଶ்݈଴ି ସ ଷ⁄ ܴ௣ଶ , 0 ≪ ܴ௣ ≪ ݈଴ܥଶ்ܴ௣ଶ ଷ⁄ , ݈଴ ≪ ܴ௣ ≪ ܮ଴ ; (2.32)
where ଵܶ and ଶܶ are the temperature at two points separated by distance ܴ௣, and ܥଶ் is the
temperature structure constant (in units of deg
2
m
-2/3
). ݈଴ of the small-scale temperature
fluctuations, which forms the lower boundary of inertial-convective range (݈଴ ≪ ܴ௣ ≪ ܮ଴)
has the same order of magnitude as the inner scale for velocity fluctuations, with
expression given by [131]:
݈଴ = 5.8ቆܦுଷߝ ቇଵ ସ⁄ , (2.33)
where ܦு is the diffusivity of heat in air (in units of m2s-1).
The combined effects of small-scale temperature fluctuations and turbulent eddies
induce a random behaviour in the atmospheric index of refraction ݊ , which can be
described by the expression:݊൫Rp, ݐ൯ = ݊଴ + ݊ଵ൫܀ܘ, ݐ൯ . (2.34)
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At a point ܀ܘ in space and time ݐ, ݊଴ = 〈݊൫܀ܘ, ݐ൯〉 ≅ 1 indicates the mean value of the
refractive index; and ݊ଵ൫܀ܘ, ݐ൯ represents the random deviation of ݊൫܀ܘ, ݐ൯ from the
corresponding mean, thus giving 〈݊ଵ൫܀ܘ, ݐ൯〉 = 0. Since time variations in the atmospheric
index of refraction can be suppressed in the treatment of optical wave propagation (i.e., the
optical beam wave maintains a single frequency as it propagates), (2.34) can be written in
the form: ݊൫܀ܘ൯ = ݊଴+݊ଵ൫܀ܘ൯ , (2.35)
in which ݊൫܀ܘ൯ has been normalized by its mean value ݊଴.
For visible and infrared wavelengths, the atmospheric index of refraction are related
to the temperature and pressure fluctuations according to [132]:
݊൫܀ܘ൯ = 1 + 77.6 × 10ି଺(1 + 7.52 × 10ିଷߣିଶ)ܲ൫܀ܘ൯ܶ൫܀ܘ൯≅ 1 + 79 × 10ି଺ ܲ൫܀ܘ൯ܶ൫܀ܘ൯ ; (2.36)
where ܲ is the pressure (in millibars), and ܶ is the temperature (in Kelvin). The above
approximation is based upon the assumption that ߣ ∼ 0.5 μm , since wavelength 
dependence is considerably small for optical frequencies; and the variations in the optical
signal resulting from absorption or scattering by molecules or aerosols are not considered
here. Furthermore, pressure fluctuations are typically assumed negligible, thus implying
that index-of-refraction disturbances associated with the visible and near-infrared region of
the spectrum are predominantly due to random temperature fluctuations.
For statistically homogeneous and isotropic turbulence, the related structure function
exhibits the asymptotic behaviour as follows:
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ܦ௡൫ܴ௣൯ = ൝ܥ௡ଶ݈଴ି ସ ଷ⁄ ܴ௣ଶ , 0≪ ܴ௣ ≪ ݈଴ܥ௡ଶܴ௣ଶ ଷ⁄ , ݈଴ ≪ ܴ௣ ≪ ܮ଴ . (2.37)
The refractive index structure parameter ܥ௡ଶ (in unit of m-2/3) is physically interpreted as a
measure of the strength of the fluctuations in the index of refraction, and is expressed
through the relation (as inferred directly from (2.36)):
ܥ௡ଶ = ൬79 × 10ି଺ ܲܶଶ൰ଶ ܥଶ் ; (2.38)
where ܥଶ் denotes the temperature structure constant, which can be determined from (2.32).
The ܥ௡ଶ values typically range from 10-17 m-2/3 for weak turbulence scenarios and up to 10-
13
m
-2/3
in the case of strong turbulences; and are essentially taken to be constant over short
time intervals at a fixed propagation distance and height above ground level. For vertical or
slant propagation paths, the refractive index structure parameter varies as a function of
height above ground, which can be determined from the Hufnagel-Valley model [133].
This case does not fall within the present scope of discussion, since this research work is
based upon long-distance horizontal (terrestrial) FSO communication links. The
scintillation index [6, 126] presents a viable statistical quantitative measure of the
magnitude of atmospheric turbulence-induced irradiance fluctuations (i.e., the level of
scintillations) given by:
ߪூଶ = 〈ܫଶ〉 − 〈ܫ〉ଶ〈ܫ〉ଶ = 〈ܫଶ〉〈ܫ〉ଶ − 1 ; (2.39)
where ܫ is the irradiance of the optical laser beam, and 〈∙〉 denotes ensemble averaging,
equivalent to long-time averaging with the assumption of an ergodic process. The
classification of atmospheric turbulence-induced scintillations (i.e., weak, moderate and
strong turbulences) is commonly distinguished through the values of the Rytov variance:
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ߪோଶ = 1.23ܥ௡ଶ݇଻ ଺⁄ ܮଵଵ ଺⁄ ; (2.40)
where ܥ௡ଶ is the strength of turbulence, as defined by (2.38). Weak irradiance fluctuation
conditions are typically associated with ߪோଶ < 1 , in which the scintillation index is
proportional to the Rytov variance, physically representing the random disturbances in the
optical intensity of an unbounded plane wave. On the other hand, moderate fluctuation
scenarios are described by ߪோଶ ~ 1, whereas strong fluctuations are associated with ߪோଶ ≫ 1;
and the so-called saturation regime corresponds to the asymptotic limit of ߪோଶ → ∞.
2.4.2.3. Atmospheric Turbulence Effects on Partially Coherent Gaussian Beam
Recall the characteristics of a lowest-order Gaussian-beam wave (i.e., TEM00 wave)
travelling through free-space, as discussed in Section 2.3.3. To examine the propagation
effects of a partially coherent Gaussian laser beam in the presence of atmospheric
turbulence, a Gaussian Schell beam model [11, 91, 92] is considered, having a Gaussian
amplitude distribution with effective beam radius (spot size) ݓ଴ at the exit aperture of the
optical transmitter. After travelling through the atmospheric turbulent channel over a link
distance ܮ, the receiving beam size is given by:
ݓ௅ = ݓ଴ටΘ௡ଶ + ߞΛ௡ଶ , (2.41)
in which the normalized components (i.e., Θ௡ and Λ௡) are defined by (2.8). The global
coherence parameter is a measure of the global degree of coherence of light across each
transversal plane along the propagation path, and is defined by:
ߞ = ߞ௦ + 2ݓ଴ଶߩ଴ଶ . (2.42)
It is related to the source coherence parameter:
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ߞ௦ = 1 + 2ݓ଴ଶ݈௖ଶ , (2.43)
and the coherence length of a spherical wave:ߩ଴ = [0.55ܥ௡ଶ݇ଶܮ]ିଷ ହ⁄ ; (2.44)
where ݈௖ is the spatial coherence length. Parameter ߞ௦ describes the degree of partial
(spatial) coherence of the source laser beam at the transmitter, in which ߞ௦ = 1 for a
coherent laser beam and ߞ௦ > 1 for a partially coherent beam [6].
The point-receiver scintillation index can be conveniently expressed as a sum of
radial and longitudinal components to give [11, 92]:
ߪூଶ(0) ≅ 4.42ߪோଶΛ௅ହ ଺⁄ ߪ௣௘ଶݓ௅ଶ + 3.86ߪோଶ൛0.40[(1 + 2Θ௅)ଶ + 4Λ௅ଶ]ହ ଵଶ⁄
× cos ൤5
6
tanିଵ ൬1 + 2Θ௅
2Λ௅ ൰൨− 1116Λ௅ହ ଺⁄ ൠ ; (2.45)
where ߪ௣௘ଶ is the jitter-induced PE variance (see (2.26) to (2.28)), and ߪோଶ is the Rytov
variance for a plane wave as defined by (2.40). The receiver beam parameters are:
Θ௅ = 1 + ܮܨ௅     and    Λ௅ = 2ܮ݇ݓ௅ଶ ; (2.46)
where the phase front radius of curvature for a PCB at the receiver is defined by [90]:
ܨ௅ = ܮ൫Θ௡ଶ + ߞΛ௡ଶ൯߶Λ௡ − ζΛ௡ଶ − Θ௡ଶ , with ߶ ≡ Θ௡Λ௡ − Λ௡ݓ଴ଶߩ଴ଶ . (2.47)
In the limiting cases of a plane wave (Θ௅ = 1 , Λ௅ = 0 ) and a spherical wave
(Θ௅ = Λ௅ = 0), the radial term vanishes and the longitudinal term reduces, respectively, to
the well-known results [124]:
60
ߪூ, plଶ (0) = ߪோଶ = 1.23ܥ௡ଶ݇଻ ଺⁄ ܮଵଵ ଺⁄ (plane wave) , (2.48)ߪூ, spଶ (0) = 0.4ߪோଶ = 0.5ܥ௡ଶ݇଻ ଺⁄ ܮଵଵ ଺⁄ (spherical wave) . (2.49)
The aperture-averaging effect (to be discussed in further detail in Section 2.5.3) of a
non-point receiver aperture is taken into account through the aperture-averaged
scintillation index given by: ߪூଶ(ܦ) = ܣ௚ߪூଶ(0) ; (2.50)
where ܣ௚ denotes the aperture-averaging factor as defined by (2.95), and ܦis the receiver
aperture diameter. The aperture-averaged scintillation index for the limiting plane-wave
and spherical-wave models take on the forms:
Plane wave:
ߪூ, plଶ (ܦ) = exp ቎ 0.49ߪோଶ൫1 + 0.65݀ଶ + 1.11ߪோଵଶ ହ⁄ ൯଻ ଺⁄ + 0.51ߪோଶ൫1 + 0.69ߪோଵଶ ହ⁄ ൯ିହ ଺⁄1 + 0.90݀ଶ + 0.62݀ଶߪோଵଶ ହ⁄ ቏− 1 ,
(2.51)
Spherical wave:
ߪூ, spଶ (ܦ) = exp ⎣⎢⎢
⎡
0.49ߪூ, spଶ (0)൬1 + 0.18݀ଶ + 0.56ߪூ, spଵଶ ହ⁄ (0)൰଻ ଺⁄ + 0.51ߪூ, sp
ଶ (0) ቀ1 + 0.69ߪூ, spଵଶ ହ⁄ (0)ቁିହ ଺⁄
1 + 0.90݀ଶ + 0.62݀ଶߪூ, spଵଶ ହ⁄ (0) ⎦⎥⎥
⎤ − 1 ,
(2.52)
where ݀ = ඥ݇ܦଶ 4ܮ⁄ denotes the scaled aperture size.
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2.4.2.4. Distribution Models for the Irradiance
Turbulence-induced scintillation effect resulting from beam propagation through the
atmosphere causes significant power losses at the optical receiver and fading of the
detected signal below a detectable threshold, thereby imposing severe diminishing effects
on the performance of FSO communication systems. Myriads of theoretical and
experimental studies have been carried out within the research community, in order to
develop tractable and reliable mathematical models for the irradiance probability density
function (PDF), capable of predicting the stochastic nature of the optical intensity
fluctuations and deducing the reliability of the system under most possible atmospheric
conditions. While numerous irradiance models have been proposed with varying degrees
of success in predicting the observed phenomena, the log-normal distribution is the most
widely adopted model for the PDF of the randomly fading irradiance signal under weak-to-
moderate turbulence conditions due to its simplicity, albeit underestimating the peak
irradiance of the PDF and the behaviour in the distribution tails, particularly with
increasing turbulence strength [11]. The PDF of the irradiance intensity in the turbulent
medium is given by:
௛݂ೞ(ℎ௦) = 1ℎ௦ߪூ(ܦ)√2ߨ exp൞− ቂ݈݊(ℎ௦) + 12ߪூଶ(ܦ)ቃଶ2ߪூଶ(ܦ) ൢ ; (2.53)
where ߪூଶ(ܦ) is obtained accordingly by using (2.50) for a spatially partially coherent
Gaussian laser beam, taking into account the aperture-averaging effect. Alternatively, (2.51)
and (2.52) can be employed for the limiting plane-wave and spherical-wave models,
respectively.
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Figure 2.12 presents the variation in the log-normal distribution for different values
of Rytov variance ߪோଶ and aperture-averaged scintillation index ߪூଶ(ܦ) in the weak
turbulence regime, in which the corresponding parameters are common measures for the
strength of the atmospheric turbulence-induced irradiance fluctuations. The ܥ௡ଶ values
ranging from 10
-15
to 10
-13
m
-2/3
are considered here, with the assumption of ܦ = 200 mm.
It is evident that the distribution becomes more skewed with longer tails towards the
infinity direction for greater values of ߪோଶ and ߪூଶ(ܦ) , which denotes the extent of
fluctuation of the irradiance as the channel inhomogeneity increases [134].
To address the strong fluctuations or multiple scattering regimes, the statistical PDF
models (of the optical field amplitude or irradiance) based upon heuristic arguments and
observed experimental data, which relate the discrete scattering regions in the turbulent
medium to the individual phase front inhomogeneities in the optical beam wave, are found
Figure 2.12: Variations of the log-normal PDF for different values of (Rytov varianceߪோଶ, scintillation index ߪூଶ(ܦ)) (see figure legend) based on the spherical-wave model,
with ܦ = 200 mm and ܥ௡ଶ values ranging from 10-15 to 10-13 m-2/3 [134].
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.000
0.004
0.008
0.012
0.016
0.020
(0.200, 0.055)
(0.467, 0.156)
(1.266, 0.284)
(2.748, 0.447)
(12.315, 0.575)
(19.359, 0.549)
Turbulent Channel State, hs
P
D
F
63
to be more reliable by showing good agreement with actual field measurements. In the far
saturation regime with sufficiently large number of discrete scattering regions, the
radiation field of the wave is approximately zero-mean Gaussian; and thus, the irradiance
statistics are governed by the negative exponential distribution. The gamma-gamma
distribution is a more recent fading model which has evolved from an assumed modulation
process, whereby the (normalized) irradiance ܫ = ܻܺ can be partitioned into factors arising
from the large-scale (ܺ ) and small-scale (ܻ ) scintillations under moderate-to-strong
turbulence scenarios. Consider the large-scale and small-scale irradiance fluctuations are
governed by gamma distributions (due to their excellent approximation in propagation
problems involving intensity or amplitude) [135]:
݌௑(ܺ) = ߙ(ߙܺ)ఈିଵΓ(ߙ) exp(−ߙܺ) , ߙ > 0 , ܺ > 0 ; and (2.54)
݌௒(ܻ) = ߚ(ߚܻ)ఉିଵΓ(ߚ) exp(−ߚܻ) , ߚ > 0 , ܻ > 0 ; (2.55)
where Γ(∙) denotes the gamma function [136]. The conditional PDF ݌௒(ܫ|ܺ) can be
obtained by fixingܺ and representing ܻ = ܫ ܺ⁄ , to give:
݌௒(ܫ|ܺ) = ߚ(ߚܫ ܺ⁄ )ఉିଵܺΓ(ߚ) exp(−ߚܫ ܺ⁄ ) , ܫ > 0 ; (2.56)
in which ܺ is the (conditional) mean value of ܫ. Correspondingly, by forming the average
of (2.56) over the distribution in (2.54), the unconditional irradiance distribution ݌(ܫ) can
be defined by:
݌(ܫ) = න ݌௒(ܫ|ܺ)݌௑(ܺ)݀ܺஶ଴
=
2(ߙߚ)(ఈାఉ) ଶ⁄Γ(ߙ)Γ(ߚ) ܫ(ఈାఉ) ଶ⁄ ିଵ߈ఈିఉ൫2ඥߙߚܫ൯ , ܫ > 0 ; (2.57)
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where ߈ఈିఉ resembles the modified Bessel function of the second kind of order (ߙ − ߚ)
[136]. Relating the normalized intensity ܫ of the optical laser beam to the instantaneous
turbulent channel state ℎ௦, the gamma-gamma distribution is given by:
௛݂ೞ(ℎ௦) = 2(ߙߚ)(ఈାఉ) ଶ⁄Γ(ߙ)Γ(ߚ) ℎ௦(ఈାఉ) ଶ⁄ ିଵ߈ఈିఉ൫2ඥߙߚℎ௦൯ . (2.58)
Parameters ߙ and ߚ correspond to the effective number of large- and small-scale turbulent
eddies, respectively; relating to the scattering effects of the atmospheric turbulent
environment, and are valid with the relationship [11]:
ߪூଶ(ܦ) = 1ߙ + 1ߚ + 1ߙߚ ; (2.59)
in which
ߙ = 1ߪ௑ଶ = 1exp(ߪln ௑ଶ )− 1 , and (2.60)
ߚ = 1ߪ௒ଶ = 1exp(ߪln௒ଶ )− 1 . (2.61)
For the Gaussian-beam wave model with aperture-averaging, in the presence of beam
wander effects, the limiting case of the large-scale and small-scale log variances with݈଴ = 0 and ܮ଴ = 0 take the forms [11]:
ߪln ௑ଶ (ܦ) = 4.42ߪோଶΛ௅ହ ଺⁄ ߪ௣௘ଶݓ௅ଶ
+
0.49 ቀΩ௅ − Λ௅Ω௅ + Λ௅ቁଶ ߪ஻ଶ൦1 + 0.4(2 − Θഥ௅)(ߪ஻ ߪோ⁄ )ଵଶ ଻⁄
(Ω௅ + Λ௅) ቀ13 − 12Θഥ௅ + 15Θഥ௅ଶቁ଺ ଻⁄ + 0.56(1 + Θ௅)ߪ஻ଵଶ ହ⁄ ൪
଻ ଺⁄ , and
(2.62)
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ߪln௒ଶ (ܦ) = (0.51ߪ஻ଶ) ൫1 + 0.69ߪ஻ଵଶ ହ⁄ ൯ହ ଺⁄ൗ
1 + ൣ1.20(ߪோ ߪ஻⁄ )ଵଶ ହ⁄ + 0.83ߪோଵଶ ହ⁄ ൧ (Ω௅ + Λ௅)ൗ ; (2.63)
where Θഥ௅ = 1 − Θ௅, ߪோଶ is defined previously in (2.40), and the non-dimensional parameter
characterizing the spot radius of the collecting lens is:
Ω௅ = 16ܮ݇ܦଶ . (2.64)
The approximated Rytov variance for collimated and divergent Gaussian beams is:
ߪ஻ଶ ≅ 3.86ߪோଶ ൜0.40ൣ(1 + 2Θ௅)ଶ + 4Λ௅ଶ൧ହ ଵଶ⁄ cos ൤56 tanିଵ ൬1 + 2Θ௅2Λ௅ ൰൨ − 1116Λ௅ହ ଺⁄ ൠ .
(2.65)
2.4.3. Pointing Errors
A statistical misalignment-induced fading model developed in [24], based on an
earlier work in [30], provides a tractable pdf for describing the stochastic behaviour of the
PEs. The model assumes a circular detection aperture of diameter ܦ , and a Gaussian
spatial intensity profile of beam waist radius ݓ௅ on the receiver plane. In addition, both the
elevation and horizontal displacement (sway) are considered independent and identically
Gaussian distributed with variance ߪ௦ଶ. Correspondingly, the pdf of ℎ௣ is given by:
௛݂೛൫ℎ௣൯ = ߦଶܣ଴కమ ℎ௣కమିଵ , 0 ≤ ℎ௣ ≤ ܣ଴ (2.66)
where
ߦ = ݓ௭೐೜
2ߪ௣௘ , (2.67)
is the ratio between the equivalent beam radius at the receiver and the PE displacement
(jitter) standard deviation at the receiver; and the remaining parameters are defined by [24]:
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ܣ଴ = ൣerf൫߭௣൯൧ଶ , (2.68)
ݓ௭೐೜ = ݓ௅ඨ √ߨerf൫߭௣൯2߭exp൫−߭௣ଶ൯ , and (2.69)
߭௣ = √ߨܦ
2√2ݓ௅ . (2.70)
2.4.4. Combined Channel Fading Model
The combined channel fading model of ℎ = ℎ௟ℎ௦ℎ௣ can be expressed as [24, 95]:
௛݂(ℎ) = න ௛݂|௛ೞ(ℎ|ℎ௦) ௛݂ೞ(ℎ௦)݀ℎ௦ , (2.71)
where ௛݂|௛ೞ(ℎ|ℎ௦) is the conditional probability given a turbulence state ℎ௦ . Since ℎ௟ is
deterministic and acts as a scaling factor, the resulting conditional distribution can be
expressed as:
௛݂|௛ೞ(ℎ|ℎ௦) = 1ℎ௦ℎ௟ ௛݂೛ ൬ ℎℎ௦ℎ௟൰
=
ߦଶܣ଴కమℎ௦ℎ௟ ൬ ℎℎ௦ℎ௟൰కమିଵ , 0 ≤ ℎ ≤ ܣ଴ℎ௦ℎ௟ . (2.72)
Substituting (2.72) into (2.71) yields:
௛݂(ℎ) = ߦଶ
(ܣ଴ℎ௟)కమ ℎకమିଵ න ℎ௦ି కమ ௛݂ೞ(ℎ௦)݀ℎ௦∞௛ ஺బ௛೗⁄ . (2.73)
By substituting the proper atmospheric turbulence models ௛݂ೞ(ℎ௦) (as defined by (2.53)
and (2.58)) into (2.73) and re-arranging the resultant expressions, the channel state
distributions of ℎ = ℎ௟ℎ௦ℎ௣ for both the weak and strong turbulence regimes are given by
(2.74) and (2.75), respectively. For the weak atmospheric turbulence conditions:
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௛݂(ℎ) = ߦଶ
(ܣ଴ℎ௟)కమ ℎకమିଵ
× න 1ℎ௦కమାଵߪூ(ܦ)√2ߨ exp ൦− ቂ݈݊(ℎ௦) + 12ߪூଶ(ܦ)ቃ
ଶ
2ߪூଶ(ܦ) ൪ ݀ℎ௦∞௛ ஺బ௛೗⁄ . (2.74)
In the strong turbulence regime:
௛݂(ℎ) = 2ߦଶ(ߙߚ)(ఈାఉ) ଶ⁄
(ܣ଴ℎ௟)కమΓ(ߙ)Γ(ߚ)ℎకమିଵ
× න ℎ௦(ఈାఉ) ଶ⁄ ିଵିకమ߈ఈିఉ൫2ඥߙߚℎ௦൯݀ℎ௦∞௛ ஺బ௛೗⁄ . (2.75)
2.5. Receiver
2.5.1. Photodetector
Photodetectors are important solid-state devices of wireless optical systems, which
operate essentially as reverse-biased diodes (hence, also referred to as photodiodes) to
perform the inverse operation of optical sources (see Section 2.3.1), by sensing the
luminescent power of the incident radiant light and converting the variation of the received
optical power into a correspondingly varying electric current. Upon travelling through the
communication channel, the optical signal is significantly attenuated (as a result of the
absorption and scattering phenomena) and becomes weakened and distorted, thus implying
the necessity of photodetectors to meet very high performance requirements, which include:
(1) high response or sensitivity in the emission wavelength range of the laser source in use;
(2) sufficient bandwidth or fast response speed to support the desired bit rate (extending
from hundreds of megahertz to tens of gigahertz); (3) low addition of noise to the system;
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(4) minimal contribution from dark current, leakage current, and parasitic induction and
capacitance; (5) low sensitivity to temperature fluctuations; and (6) long-term stability [98,
104]. While conforming to the above-mentioned requirements, semiconductor-based
photodiodes are used almost exclusively for FSO applications, primarily due to the wide
availability of these small-size and inexpensive detectors in the wavelength bands of
interest (i.e., 850 nm and 1550 nm). For instance, Si photodiodes are highly sensitive to
optical wavelengths ranging between 800 nm and 900 nm, whereas Ge and indium gallium
arsenide phosphide (InGaAsP) photodiodes are satisfactory for longer wavelengths in the
range of 1.3 m to 1.6 m [98]. The two common types of photodiode include the
positive-intrinsic-negative (p-i-n) photodiode and avalanche photodiode (APD) [137].
The quantum efficiency ߟ and responsivity ߛ are two important parameters that are
widely adopted to describe the characteristics of a photodiode; in which these parameters
are dependent on various factors, such as the operating wavelength, material bandgap,
doping and thickness of the p, i and n regions, and dimensions of the device [98, 104]. The
quantum efficiency denotes the average number of primary electron-hole carrier pairs
generated per incident photon (of energy ℏߥ) impinging upon the diode [104]:
ߟ = number of electron-hole pairs generated
number of incident photons
=
ܫ௣ ݍ⁄଴ܲ ℏߥ⁄ , (2.76)
where ܫ௣ represents the average photocurrent generated by a steady-state average optical
power ଴ܲ incident on the photodetector, and ݍ is the electronic charge. To achieve higher
quantum efficiency, the depletion layer of the photodiode can be made thicker to enable a
larger fraction of the incident light to be absorbed, while inadvertently resulting in a longer
time for the free carriers to drift across the reverse-biased junction, thereby affecting the
response speed of the device. Correspondingly, a compromise has to be made between
response speed and quantum efficiency.
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The detector responsivity a useful parameter which specifies the average
photocurrent generated per unit of incident optical power, and is related to the quantum
efficiency through the relation [98, 103, 104]:
ߛ = ܫ௣ܲ଴ = ߟݍℏߥ . (2.77)
Figure 2.13 presents the typical responsivities of different p-i-n photodiodes as a function
of wavelength, whereby the corresponding peak representative values are 0.65 A/W for
silicon at 900 nm, 0.45 A/W for germanium at 1.3 m, and 1.0 A/W for InGaAs at 1.55
m [104]. In most cases, the quantum efficiency is independent of the average received
optical power of the photodiode (at a given photon energy), thus implying the responsivity
is a linear function of the optical power, such that this parameter is constant at a given
wavelength. On the other hand, the quantum efficiency is not constant at all wavelengths
but varies according to the photon energy; and hence, the detector responsivity is a
function of the wavelength and material bandgap. For a given material, as the wavelength
of the incident photon becomes longer, the photon energy becomes less than that required
to excite an electron from the valence band to the conduction band, thereby causing the
responsivity to deteriorate rapidly beyond the cutoff wavelength, as evident in Figure 2.13.
2.5.1.1. Positive-Intrinsic-Negative Photodiodes
The p-i-n photodiodes are typically constructed by placing a relatively wide intrinsic
semiconductor layer (i.e., a very lightly doped n-layer) between the p+ and n+ doped
regions, as shown in Figure 2.14 [138]. Under the reverse-biased condition, the intrinsic
region is free of charge carriers and becomes highly resistive, with majority of diode
voltage appearing across the region, thereby creating a high electric field which extends
throughout the intrinsic region. Upon approaching an anti-reflective coating (which
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improves the coupling of energy from the environment into the device), the incident
photons (of energy ԰ߥ ൒ ܧ௚) enter the p+ layer of the photodiode. In general, the thickness
of the p
+
layer is made much thinner than the absorption depth of the material, such that a
large proportion of the incident photons are concentrated and absorbed within the intrinsic
region, thus resulting in efficient generation of free electron-hole pairs. In the presence of
strong electrical forces, the free charge carriers (residing in the intrinsic region) are swept
up, and collected across the junction at a saturation velocity on the order of 10
5
m/s, in
which the transport of these photon-generated carriers (by drift or diffusion) is the origin of
the photocurrent flowing through the external circuit.
In wireless optical applications, the p-i-n photodiodes must have large active
detection area, such that the radiant optical power can be collected as much as possible,
while inadvertently resulting in a relatively larger junction depletion capacitance (and
Figure 2.13: Comparison of the typical responsivity and quantum efficiency as a
function of wavelength for silicon, germanium and InGaAs p-i-n photodiodes [105].
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hence, a larger circuit rise time), thereby limiting the frequency response of the
photodiodes. While causing an increase in the carrier transit time, reverse bias voltages of
lower magnitude also affect the junction capacitance of photodiodes, in which the typical
values range from 2 pF (for expensive devices intended for high-speed applications) to 20
pF (for very low-speed and low-cost devices) at a reverse bias of 3.3 V [139]. Since the
speed of response is limited by the carrier transit time or circuit rise time (whichever is
larger), careful design of receiver structures is necessary, in order to prevent unduly
reduction of system bandwidth or increase in noise [103, 140].
The resultant photocurrent ܫ௣ of p-i-n photodiodes exhibits a linear relationship with
respect to the incident optical power ଴ܲ over six to eight decades of input level [141].
However, second order effects are prevalent at higher operating frequencies of the devices
(in excess of 5 GHz), mainly due to the variations in transport of carriers through the high-
field region; and do not limit the linearity of links at lower frequencies of operation [142].
Since the frequency of operation is limited by the junction depletion capacitance, the p-i-n
Figure 2.14: The structure of a p-i-n silicon photodiode, which is typically constructed
by placing a relatively wide intrinsic semiconductor layer between the p
+
and n
+
doped
regions [139].
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photodiodes are typically not susceptible to the non-linearities resulting from charge
transport, thereby behaving in an approximately linear fashion over a wide range of input
optical intensities.
2.5.1.2. Avalanche Photodiodes
The APD is very much similar to the p-i-n photodiode with the exception of an
internal gain, which multiplies the primary signal photocurrent (i.e., for every photon
absorbed in the intrinsic layer, more than one electron-hole pair may be generated) to give
a current gain greater than unity prior to entering the input circuitry of a cascading
amplifier, thereby increasing the receiver sensitivity. In the event of avalanche
multiplication, the photon-generated carriers must traverse across the depletion region of
high intensity electric field (created by large reverse biases); whereby these free charge
carriers acquire sufficient kinetic energy through strong accelerating forces, and ionize
bound electrons in the valence band upon colliding with neutral atoms of the lattice.
Correspondingly, the newly generated carriers are also accelerated by the electric field, and
in turn gained enough energy to repeat the impact generation of carriers, thus causing
further impact ionization to give the avalanche effect. Below the diode breakdown voltage,
a finite total number of photon-generated carriers are created, resulting in photocurrent
gain typically of the order 10
2
to 10
4
[138, 141]; whereas above the breakdown voltage, a
phenomenal amount of charger carriers are produced.
The electron and hole ionization rates denote the average number of electron-hole
pairs created by a carrier per unit distance travelled; and exhibit variations in their values
for different semiconductor materials, as evident in Figure 2.15 [143]. The ratio of hole to
electron ionization rates is a common measure to examine the performance of APDs, based
upon the rationale that single type of carrier dominating the impact ionization typically
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results in low noise and large gain-bandwidth products. From Figure 2.15, it is noted that
silicon is the only semiconductor material which has a significant difference between the
electron and hole ionization rates [144-149].
The photocurrent gain (or multiplication)ܯ for all carriers generated in the APD is
defined by:
ܯ = ܫெܫ௣ ; (2.78)
where ܫெ is the average value of the total multiplied output current, and ܫ௣ is the primary
unmultiplied photocurrent. In practice, the measured value of ܯ is expressed as an average
quantity, since not every carrier pair generated in the photodiode experiences the same
multiplication, implying that the avalanche mechanism is a statistical process. Analogous
to the p-i-n photodiode, the responsivity of an APD ߛAPD is given by:ߛAPD = ߟݍℎߥܯ = ߛܯ . (2.79)
2.5.1.3. Comparison between Photodetectors
The APDs are capable of providing manifold gain in the resultant photocurrent
through the carrier multiplication process, whereas p-i-n photodiodes can generate at most
one electron-hole pair per photon absorbed (i.e., unity gain). In the case of long-distance
outdoor FSO systems operating under intense ambient light and various atmospheric
channel conditions, such gain feature of the APDs may introduce excessive shot noise in
the optical receivers, potentially resulting in the adverse reduction of SNR [106]. In
general, the p-i-n photodiodes are much preferred in optical receivers due to their
distinctive advantages, which include: (1) vast availability at relatively low cost and at a
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variety of wavelengths; (2) good linearity of output current as a function of incident light;
and (3) lower biasing supplies with the penalty of increasing junction capacitance. Table
2.4 summarizes and compares the characteristics of p-i-n photodiodes and APDs for
wireless optical communication links [100, 141].
Optical lasers operating at longer wavelengths (i.e., 1310 nm and 1510 nm windows)
are desirable for terrestrial FSO applications, in order to enable high-speed data
transmission at higher transmitted optical power level while conforming to the eye-safety
limits, thereby extending the link range with relatively large SNR. Correspondingly,
InGaAs-based photodiodes are commonly employed in long-distance wireless optical links,
Figure 2.15: Electron and hole ionization rates obtained from experiment for different
semiconductor materials, which include silicon, germanium, GaAs, GaAsSb and InGaAs
[105].
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whereas silicon devices operating in the 850 nm band present a rather inexpensive
alternative for short-distance applications. Therefore, care must be taken in the selection of
photodetectors to ensure that cost, performance and safety requirements are satisfied.
A photomultiplier tube (PMT) is another type of practical photodetector, which
consists of a photocathode and multiple plates (known as dynodes) for producing
secondary emissions, which enables the multiplication of the current flow to give the
internal gain mechanism [116]. The high gain (ranging between 10
3
and 10
5
) and high
sensitivity features of the PMT are particularly advantageous in detecting low levels of
optical radiation and in overcoming noise originating from thermal sources, respectively;
thereby increasing the signal level without significantly reducing the ratio of signal power
to noise power [104, 116, 140]. In addition, the PMTs are very fast with some phototube
devices having rise times of a few tenths of a nanosecond [140]. Nonetheless, the PMTs
are least popular and scarcely considered for outdoor wireless optical communication
mainly due to their inherent disadvantages, which include: high cost, relatively large size
Table 2.4: Comparison of the characteristics between p-i-n photodiodes and APDs for
wireless optical communication [101, 142].
Characteristics p-i-n Photodiode APD
Modulation bandwidth
(ignoring circuit)
Tens of MHz to tens of GHz Hundreds of MHz to tens of GHz
Photocurrent gain 1 10
2
to 10
4
Requirement of additional
circuitry
None High bias voltages and temperature
compensation circuitry
Linearity High Low – suited to digital applications
Cost Low Moderate to high
Sensitivity Low High
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and weight, and substantial voltage requirements (in excess of several hundred volts) for
biasing [104, 140].
2.5.2. Noise Sources
In wireless optical systems, the photodiodes and pre-amplifiers typically constitute
the receiver front-end (see Figure 2.16), in order to enable the detection of the weakest
possible optical signals, while subjected to interferences and distortions arising from
various fundamental noise sources, which include: quantum or shot noise, bulk dark
current noise, surface leakage current noise, and thermal noise associated with the
amplifier circuitry. It is apparent that the noise currents are critical factors which determine
the minimum detectable optical power of the incoming signals (i.e., the sensitivity of the
photodiode), and hence, the following conditions should be met to achieve a high SNR: (1)
the photodetector must have a high quantum efficiency (close to its maximum possible
value) to generate a large signal power; and (2) the photodetector and amplifier noises
should be minimized. Correspondingly, the design, performance evaluation and
optimization of terrestrial FSO links would require in-depth understanding pertaining to
Figure 2.16: Schematic representation of an optical receiver front-end encompassing a
photodetector and amplifier circuit.
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the occurrence, characteristics and inter-relationships of various noise sources present in
the optical receivers.
At the receiving-end, thermal noise (also known as the Johnson noise) occurs mainly
in the resistive elements of the pre-amplifier, due to the thermal fluctuations of electrons
within the amplifier circuitry; whereby random motion of carriers causes frequent
collisions with the atoms or molecules of the substance. While using a low resistance in the
front end is capable of improving the frequency response, an excessive amount of thermal
noise is generated by the pre-amplifier independent of the resultant photocurrent.
Transimpedance pre-amplifier is a viable alternative for providing low impedance front-
end through negative feedback, and presents a compromise between these constraints [139].
Thermal noise obeys the Gaussian distribution with zero mean and unit variance; and is
regarded as a ‘white’ noise, mainly because the power spectral density (PSD) of this noise
source is independent of frequency.
Photon-generated quantum or shot noise arises from the statistical nature of the
production and collection of free charge carriers when an optical signal is incident upon a
photodetector; whereby electron-hole pairs are generated randomly in the space charge
region due to photon absorptions, and traverse the potential barrier in a stochastic manner
depending on their kinetic energy. Correspondingly, the probabilistic generation and
transport of free charge carriers due to the quantum effects in photodiodes produces shot
noise in the photocurrent‚ in which these statistics have been demonstrated in [150] and
modelled as having Poisson distribution with a white PSD [139, 151].
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2.5.3. Aperture Averaging
The receiver aperture in an optical communication system behaves essentially like a
“point aperture”, when its aperture dimension is smaller than the correlation width of the
irradiance fluctuations. When the aperture size increases beyond the irradiance correlation
width, the receiver detects several correlation patches and the scintillation level measured
in the image plane begins to decrease, thereby resulting in higher mean SNR. This
phenomenon is known as the aperture-averaging effect, whereby enlarged receiver
apertures are intentionally utilized in direct detection systems, in order to enhance the
system performance through the reduction of scintillations. Measurements from early
astronomical studies by Mikesell et al. [152, 153] revealed that aperture averaging
potentially causes a shift in the relative frequency content of the irradiance power spectrum
towards lower frequencies; in essence, averaging out the fastest fluctuations and thus
mitigating the adverse effects of scintillation.
In principle, the reduction of scintillation level resulting from the aperture-averaging
effect can be deduced from the ratio of received optical power fluctuations by a finite-size
collecting aperture to that obtained by a very small (i.e., point) aperture [11].
Correspondingly, the normalized variance of the power fluctuations in the receiver plane is
the same as the flux variance of irradiance fluctuations defined by:
ߪூଶ(ܦ) = 〈 ோܲଶ〉 − 〈 ோܲ〉ଶ〈 ோܲ〉ଶ
=
16ߨܦଶන ߩܤூ(ݔܦ,ܮ) ቎cosିଵ ቀߩܦቁ− ߩܦඨ1 − ߩଶܦଶ቏ ݀ߩ ;஽଴ (2.80)
where ோܲ is the received optical power, ܦ is the circular aperture diameter, ܤூ(ߩ, ܮ)
denotes the irradiance covariance function in the pupil plane, and the terms in brackets
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arise from the modulation transfer function of the circular aperture. By defining the
variable ߜ = ߩ ܦ⁄ , (2.80) can be simplified to give the expression as follows:
ߪூଶ(ܦ) = 16ߨ න ߜܤூ(ߜܦ, ܮ) ቂcosିଵߜ − ߜඥ1 − ߜଶቃ ݀ߜ .ଵ଴ (2.81)
For a circular aperture of diameter ܦ, the aperture-averaging factor (or coefficient) is
defined by:
ܣ௚ = ߪூଶ(ܦ)ߪூଶ(0) = 16ߨ න ߜܾூ(ߜܦ, ܮ) ቂcosିଵߜ − ߜඥ1− ߜଶቃ ݀ߜ ,ଵ଴ (2.82)
which typically ranges between 0 and 1, with ܣ௚ values approaching these extreme values
implying complete aperture-averaging and no aperture-averaging, respectively; ߪூଶ(0) =ܤூ(0, ܮ) is the scintillation index for a point aperture (ܦ = 0 ), and the normalized
covariance function is obtained through the relation:
ܾூ(ߩ, ܮ) = ܤூ(ߩ, ܮ)ܤூ(0, ܮ) . (2.83)
2.5.3.1. Extended Huygens-Fresnel Principle
After propagating a distance ܮ through a random medium, the complex field of the
optical wave can be represented, using the Huygens-Kirchhoff principle, as:
ܷ(࣋, ܮ) = නන dଶrܩ(r, ࣋, ܮ)ܷ(r, 0) (2.84)
where ܷ(r, 0) is the field at the transmitter plane ݖ = 0, defined by (2.5). The paraxial
(parabolic) wave equation derived from the Helmholtz equation has the Green’s function
solution:
80
ܩ(r, ࣋, ܮ) = −݆݇
2ߨܮ exp ൤݆݇ܮ + ݆2݇ܮ |࣋− r|ଶ + Ψ(r, ࣋)൨ , (2.85)
where Ψ(r, ࣋) resembles the random part of the complex phase of a spherical wave
propagating in the turbulent medium from the point (r, 0) to the point (࣋, ܮ). Using this
Green’s-function solution, (2.84) can be expressed in terms of the Huygens-Fresnel
integral [120]:
ܷ(࣋, ܮ) = −݆݇
2ߨܮ exp(݆݇ܮ)නන dଶrܷ(r, 0) exp ൤݆2݇ܮ |࣋− r|ଶ + Ψ(r, ࣋)൨ . (2.86)
The Huygens-Fresnel principle [114] states that each point on a wave front generates a
spherical wave; in which the envelope of these secondary waves constitutes a new wave
front, and their superposition produces the wave in another plane. The expression in (2.86)
is commonly known as the extended Huygens-Fresnel principle, and is applicable to both
the weak and strong turbulence fluctuation regimes.
2.5.3.2. Spatial Covariance of Irradiance Fluctuations
Classical studies have characterized wave propagation through atmospheric
turbulence in terms of the complex mutual coherence function:
Γூ(࣋ଵ, ࣋ଶ; ߬) = 〈ܧ(࣋ଵ; ߬)ܧ∗(࣋ଶ; ݐ + ߬)〉 ; (2.87)
where ࣋ଵ and ࣋ଶ are the observation points in the receiver plane with a time delay ߬, 〈⋅〉
denotes ensemble averaging, ܧ is the optical frequency electric field, and ܧ∗ resembles the
complex conjugate field. On the contrary, recent theoretical treatments [90, 92, 154, 155]
pertaining to the propagation of partially coherent Gaussian laser beam in the presence of
atmospheric turbulence, have placed much emphasis on the analysis of cross-spectral
density function:
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ܹ(࣋ଵ, ࣋ଶ; ߥ) = 〈ܷ(࣋ଵ; ߥ)ܷ∗(࣋ଶ; ߥ)〉 , (2.88)
which is the temporal Fourier transform of Γூ(࣋ଵ, ࣋ଶ; ߬) . The cross-spectral density
function, which obeys the Helmholtz equation, is a measure of the correlation between the
fluctuations of two field components at the same frequency ߥ of a partially coherent laser
beam. If the field is strictly monochromatic (i.e., having sufficiently narrow band), such
that the condition below is satisfied:
|࣋ଶ − ࣋ଵ|ܿ ≪ 1Δߥ , (2.89)
then both characterizations give identical results; in which the typical values of |࣋ଶ − ࣋ଵ|
are on the order of 10 cm, requiring that Δߥ < 1 GHz.
At the input plane, a phase diffuser is placed over the exit aperture of a quasi-
monochromatic Gaussian laser transmitter, such that the resultant field of the optical wave
emerging from the diffuser can be modelled as:෩ܷ(r, 0) = ܷ(r, 0)exp[݆߮ௗ(r)] ; (2.90)
where ܷ(r, 0) denotes the deterministic field entering the diffuser defined by (2.5), and
exp[݆߮ௗ(r)] resembles the small random perturbation introduced by the phase diffuser.
Based on the assumption that the ensemble average of the spatially dependent random
phases introduced by the diffuser is Gaussian and depends only on the separation distance
and not on the actual location on the diffuser, the cross-spectral density at the transmitter
can be expressed in the form of a Gaussian Schell-model beam:
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ܹ(rଵ, rଶ, 0) = 〈 ෩ܷ(rଵ, 0) ෩ܷ∗(rଶ, 0)〉
= ܷ(rଵ, 0)ܷ∗(rଶ, 0)〈exp[݆߮ௗଵ(rଵ)]exp[−݆߮ௗଶ(rଶ)]〉
= ܷ(rଵ, 0)ܷ∗(rଶ, 0)exp ቈ−(rଵ − rଶ)ଶ
2ߪ௚ଶ ቉ ; (2.91)
where ߪ௚ଶ is the variance of the Gaussian describing the ensemble average of the random
phases (i.e., the partial coherence properties of the effective transmitted source), as
determined by the characteristics of the diffuser. This variance can be interpreted to
represent the number of “speckle cells” (i.e., statistically independent patches) at the
diffuser, whereby each speckle cell essentially behaves like an independent source term.
Weak diffusers (ߪ௚ଶ ≫ ݓ଴ଶ ) typically have only one speckle cell (implying a coherent
wave), whereas many speckle cells will normally exist for the case of a strong diffuser.
Consider the behaviour ofܹ(࣋ଵ, ࣋ଶ;ߥ = ߥ଴), where ߥ଴ is the centre frequency of
the quasi-monochromatic Gaussian laser beam. The cross-spectral density at the receiver
can be represented as:
ܹ(࣋ଵ, ࣋ଶ, ܮ) = 〈ܷ(࣋ଵ, ܮ)ܷ∗(࣋ଶ, ܮ)〉
=
1
(ߣܮ)ଶනනනන dଶrଵdଶrଶܹ(rଵ, rଶ, 0)
× 〈exp[Ψ(rଵ, ࣋ଵ) + Ψ∗(rଶ, ࣋ଶ)]〉
× exp ൜݆
2݇ܮ [(࣋ଵ − rଵ)ଶ − (࣋ଶ − rଶ)ଶ]ൠ .
(2.92)
The spatial covariance of irradiance fluctuations can be estimated through the
relation: ܤூ(࣋ଵ, ࣋ଶ, ܮ) = |Γ(࣋ଵ, ࣋ଶ, ܮ)|ଶ ; (2.93)
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in which the mutual coherence function Γூ(࣋ଵ, ࣋ଶ, ܮ) can be approximated by the cross-
spectral density function, i.e., Γூ(࣋ଵ, ࣋ଶ, ܮ) ≅ܹ(࣋ଵ, ࣋ଶ, ܮ). By normalizing the spatial
covariance of irradiance fluctuations ܤூ(࣋ଵ, ࣋ଶ, ܮ) yields:
ܾூ(ߩ, ܮ) = ܤூ(ߩ, ܮ)ܤூ(0, ܮ)
= exp ቊ− ߩଶߩ଴ଶ ቈ2 + ߩ଴ଶݓ଴ଶΛ௡ଶ − ߩ଴ଶ߶ଶݓ௅ଶ ቉ቋ = ߤ(2ߩ, ܮ) ; (2.94)
where ߤ(ߩ, ܮ) denotes the complex degree of spatial coherence, and ߩ = |࣋ଵ − ࣋ଶ|. It is
noted that the normalized spatial covariance of irradiance fluctuations has an analytic
solution in terms of the complex degree of coherence ߤ(ߩ, ܮ) evaluated at twice the radial
separation distance.
Substituting (2.94) into (2.82) results in an easily evaluated expression for the
aperture-averaging factor [92]:
ܣ௚ = 16ߨ නߜ݀ߜexp ቊ−ܦଶߜଶߩ଴ଶ ቈ2 + ߩ଴ଶݓ଴ଶΛ௡ଶ − ߩ଴ଶ߶ଶݓ௅ଶ ቉ቋଵ଴
× ቂcosିଵ(ߜ)− ߜඥ1 − ߜଶቃ . (2.95)
2.6. Summary
This chapter has presented in-depth discussion pertaining to the FSO technology,
which include: (1) the proposed system model based upon the SISO horizontal-path FSO
communication links; (2) the relevant components of the optical transmitter and receiver;
and (3) the important characteristics and modelling of the atmospheric channel. The two
widely adopted optical sources encompassing the LEDs and semiconductor lasers have
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been thoroughly reviewed and compared, revealing that the high-efficiency, high-power
LDs are desirable for long-distance outdoor directed-LOS FSO links. In addition, the
Gaussian-beam wave model have been introduced and applied in the optical wave
propagation analysis of a partially coherent Gaussian laser beam, under the combined
influences of beam wander and scintillation effects resulting from optical turbulence.
While highly divergent optical laser beams are particularly advantageous in addressing eye
safety issues, the author demonstrates (in Chapter 3 and Chapter 4) that partially coherent
laser sources of larger receiving beam spot size are capable of mitigating the turbulence-
induced scintillations and PEs in terrestrial FSO communication systems.
In the review of the FSO communication channel, detailed discussion on the
occurrence, characteristics, resulting impacts and modelling of the respective phenomena
have been presented here. The atmospheric loss due to the combined deterministic effects
of light absorption and Rayleigh and Mie scattering is considered as a fixed scaling factor
over multiple fading states of the FSO channel, and can be modelled by the Beers-Lambert
law. While deliberately increasing the optical launch power presents a desirable approach
for compensating the high attenuation of the transmitted optical signal when propagating
through air, direct exposure of such intense optical radiation can impose hazardous impact
on human safety, potentially causing harm to the eye and skin. The author investigates the
hybrid FSO/RF communication system (in Chapter 6), which takes advantage of the media
diversity technique with enhanced duality feature to switch between the two technology
options, in order to overcome the deterioration of signal quality and link outages under
different adverse weather conditions. Furthermore, the theoretical background,
characteristics and analytical approach pertaining to the occurrence of optical turbulence-
induced beam wander and scintillation have been introduced and discussed in detail here;
in which it has been shown that these channel effects work in tandem to create random
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signal losses at the optical receiver, potentially degrading the system performance due to
signal fading. Considering the respective behaviour and effects of each channel component
in describing the atmospheric propagation channel, the combined channel fading model
have been thoroughly examined and taken into account in the theoretical analysis and
simulation studies.
For the optical receivers, the two common types of photodetectors consisting of the
p-i-n photodiodes and APDs that are used almost exclusively for FSO applications, have
been examined and compared. While the APDs are capable of providing manifold gain in
the resultant photocurrent through the carrier multiplication process, such gain feature of
the APDs may produce excessive shot noise in the receiver front-end, particularly in the
case of long-distance outdoor FSO systems operating under intense ambient light and
various atmospheric channel conditions; thus making the p-i-n photodiodes a much
preferred option over APDs in optical receivers. Finally, the effects of the aperture-
averaging phenomenon in mitigating the random temporal fluctuations in the optical
intensity of the laser beam through the intentional utilization of enlarged receiver apertures
in direct detection systems are explicitly described here. The author demonstrates the
effects of aperture averaging and beam width on the FSO link (in Chapter 5) via an
extensive experimental study under laboratory-controlled atmospheric turbulence
conditions; in which it is evident that manifold gain in the link performance can be
achieved with increasing scaled aperture size of an aperture-averaged optical receiver.
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Investigation of the Effects
of Aperture Averaging and
BeamWidth
3.1. Introduction
Terrestrial FSO communication presents an attractive alternative to deliver low-cost,
license-free and high-bandwidth access solution for a variety of applications, such as last-
mile connectivity, optical-fibre backup and enterprise connectivity [13, 51]. This is mainly
due to the superior FSO characteristics, which include: no licensing requirements or tariffs
for its utilization, virtually unlimited bandwidth for achieving very high aggregate capacity,
reduced interference, high security, cost-effectiveness, and simplicity of system design and
setup [10]. Nevertheless, the widespread deployment of such technology option is
hampered by the atmospheric channel which is highly variable, unpredictable and
vulnerable to different weather conditions, such as scattering, absorption and turbulence [6,
11]; and the presence of PEs [24, 25, 30, 31, 65].
CHAPTER
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The propagation properties and performance of spatially partially coherent Gaussian
laser beams through random turbulent media have been substantially explored thus far [90-
92], which revealed the benefits of mitigating the turbulence-induced scintillations and PEs.
A partially coherent laser beam can be generated by passing an initially spatially coherent
laser transmitter through a phase diffuser, which partially destroys the spatial coherence of
the information-bearing laser beam, thereby increasing the receiver beam size while still
retaining its beamlike (i.e., highly directional) properties [90]. This approach inadvertently
results in the reduction of the average received power, thus implying the need for careful
investigation and optimization of the PCB through free-space, such that the inevitable
trade-off between the reduction in the scintillations and PEs, and the reduction in the mean
received irradiance can be achieved conveniently.
A thorough review of the relevant literatures pertaining to the investigation studies
and performance analysis of spatially partially coherent Gaussian laser beams in FSO
communication systems is presented in Section 3.2, and the main contributions of the
proposed research work are highlighted in Section 3.3. Next, Section 3.4 reviews the
relevant performance metrics considered in the corresponding numerical analysis, which
include the BER in Section 3.4.1, the probability of outage in Section 3.4.2, and the
average capacity for both cases of known and unknown CSI at the receiver in Section 3.4.3.
Based upon the aforementioned system and channel models in Section 2.2 and Section 2.4,
respectively, notable findings from the outage analysis are depicted and discussed in
Section 3.5.1; demonstrating the necessity of optimization methods to minimize FSO link
outages under different atmospheric channel conditions, which is best performed through
proper selection of receiver aperture size and beam width for a known laser wavelength
and/or increasing the transmit power of the optical laser source. Then, joint investigation of
the effects of PCB and aperture averaging are presented in Section 3.6, showing that an
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improvement in the average channel capacity can be achieved with the introduction of an
enlarged receiver aperture, albeit without knowledge of the channel state conditions. In
Section 3.7, several appealing observations pertaining to the alteration of the PCB
characteristics are made, which in turn reveal that beam width optimization is a feasible
approach in promoting capacity enhancement for long-distance horizontal FSO
communication links. Finally, concluding remarks are highlighted in Section 3.8.
3.2. Background and Motivation
The adverse effects of atmospheric loss, turbulence-induced channel fading and PEs
on the performance and design of FSO links have been extensively investigated from the
information theory perspective in a large body of literature. In these relevant studies, a
variety of channel fading models have been considered in the evaluation of the error
performance and channel capacities of the system under study. In particular, Farid and
Hranilovic [24] presented a statistical model for the optical intensity fluctuation at the
receiver due to the combined influences of turbulence and PEs, which include the effects
of beam width, detector size and jitter variance. It was shown that beam width optimization
provides large gains in the FSO channel capacity subject to outage. In [93], Sandalidis
proposed several optimization models to limit the PE loss, taking into account various
metrics such as the beam width, mean electrical SNR, normalized jitter, outage probability
and BER. Similar approach to [24] was also noted in [65, 94, 95], whereby the authors
evaluated the error performance by taking into account both misalignment- and turbulence-
induced fluctuations. However, the link design criteria were not emphasized in the
analytical studies, thus lacking a holistic perspective for optimal planning and design of
FSO links. The above theoretical treatments are based upon the classical unbounded plane-
or spherical-wave approximations (the latter often taken as a point source), which are the
89
limiting forms of the lowest-order Gaussian-beam wave model [11]. These simplified field
models are insufficient to characterize the propagation properties of the optical wave
through random turbulent medium, particularly for the case of spatially partially coherent
Gaussian beam, whereby focusing and diverging characteristics are important [90]. In
addition, the conventional Rytov-based scintillation model associated with these
approximations may not accurately reflect the irradiance fluctuations, particularly in
applications involving long-distance horizontal transmissions and strong atmospheric
turbulence [156]. This is mainly because the influence of beam wander attributed to the
presence of large-scale turbulent eddies, which contributes to a widening of the long-term
beam profile and PEs, is not considered in the limiting Rytov theory [11, 156].
Furthermore, the effects of aperture averaging on PCB in mitigating the scintillations
and PEs for achieving higher mean SNR have not been thoroughly examined [25, 74]. In
[25], Borah and Voelz demonstrated the effect of PEs on the capacities of FSO links
affected by the atmospheric turbulence, taking into account a Gaussian-beam wave model
and wave-optics-based simulation approach; but the effects of larger apertures and
optimization method were not considered here. In [156], Ren et al. investigated the impact
of beam wander on the average and outage capacities of the FSO link, through the direct
inclusion of this effect in the traditional scintillation theory; and showed that an optimum
transmitter beam radius can be selected for best achievable channel capacities.
Nevertheless, the effects of PEs and aperture averaging were not considered in their work.
Therefore, it is vital to investigate the combined effects of PCB and aperture averaging in
horizontal (terrestrial) FSO links, in the presence of turbulence and PEs; which then
substantiates the study of beam width optimization.
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3.3. Main Contributions of Research
The performance of partially coherent FSO communication links is investigated from
the information theory perspective, taking into account the impairments resulting from
atmospheric loss, turbulence and PEs. In particular, a spatially partially coherent Gaussian-
beam wave and important link design criteria are jointly considered, in which the latter
consists of the receiver aperture dimension and its resulting aperture averaging effect,
transmitter beam width, link range, knowledge of CSI, and weather conditions. The optical
channel characteristics is analytically described using a combined optical slow-fading
channel model, for evaluating the important performance metrics of the FSO link – the
BER, average channel capacity and outage probability. These performance indicators
resemble the error performance, practically achievable data rate averaged over all fading
states, and probability of the system being in an outage for achieving a specified rate of
transmission, respectively. The log-normal and gamma-gamma distributions are utilized in
modelling the stochastic behaviour of optical irradiance under weak-to-moderate and
moderate-to-strong atmospheric turbulence conditions, respectively. The lowest-order
Gaussian-beam wave model characterizes the propagation properties of the optical signal
through random turbulent medium; taking into account the beam spreading (i.e., diverging)
and focusing of the PCB, and the scintillation and beam wander effects arising from the
turbulent eddies. Correspondingly, this study presents a holistic perspective for optimal
planning and design of horizontal FSO links employing spatially partially coherent laser
beams.
From the outage analysis, it is evident that a lower outage probability can be
achieved with the introduction of a larger receiver aperture due to the aperture-averaging
effect, which effectively mitigates the PE loss and scintillation-induced optical intensity
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fluctuations. In addition, outage capacity optimization is best performed through proper
selection of the transmitter beam width and the receiver aperture size for a known laser
wavelength and/or increasing the transmit power. Under the light fog condition, complete
system outage occurs at link distances exceeding 1.5 km, and is non-recoverable albeit
optimizing the system parameters. Furthermore, it is demonstrated that the average channel
capacity can be significantly improved due to the aperture-averaging effect, albeit without
knowledge of the channel state conditions; and the PCB experiences substantial alteration
in its characteristics when propagating through free-space. Several interesting observations
are made here, showing that the optimum beam width can be made smaller to maximize
the average capacity, albeit in the presence of turbulence-induced scintillations and PEs,
given the condition that either one or both of these adversities are least dominant. In the
strong turbulence regime, the beam width must be increased accordingly with respect to
the PE loss, where such incremental trend changes from a linear to an exponential
behaviour. Hence, beam width optimization presents a feasible approach in promoting
capacity enhancement for long-distance horizontal FSO links; since the optimum beam
width of the laser transmitter is susceptible to the combined effects of turbulence and PEs,
and must be adjusted accordingly to obtain optimality.
3.4. Performance Metrics
The BER, probability of outage and average channel capacity are the three key
application-specific performance indicators identified and employed throughout the
proposed studies, in order to present a comprehensive performance evaluation of the
partially coherent FSO links, which are commercially deployed to complement and/or
serve numerous wireless communication purposes [157]. In a binary-encoded IM/DD
system, the BER is typically used to quantify the probability of making a bit decision error,
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where the optical signals (transmitted as a pulse of light to indicate a “1” bit, and no light
output for a “0” bit) are susceptible to various channel impairments and noise contributions
[6, 42, 95]. For non-real-time data services, the average channel capacity determines the
maximum achievable information rate averaged over all possible fading states; since the
FSO channel is time-varying due to the turbulence- and PE-induced fluctuations, hence the
information carrying capacity is also transient [33, 35, 158]. In the case of block fading (or
quasi-static fading) channels, where the channel or the received irradiance intensity
remains unchanged for a significantly long period of time, system outages will occur when
the irradiance intensity falls below a threshold [24, 159]. Correspondingly, the outage
capacity is a useful capacity measure, which presents the maximum rate of transmission,
such that the probability of the system being in an outage meets a specified value [32].
3.4.1. Bit Error Rate
For an IM/DD FSO communication link using OOK modulation, the BER can be
expressed as [6, 25, 42, 95, 160]:
௘ܲ = ௑ܲ(0) ௑ܲ(݁|0) + ௑ܲ(1) ௑ܲ(݁|1) ; (3.1)
where ௑ܲ(0) and ௑ܲ(1) denote the probabilities of transmitting “0” and “1” bits,
respectively, and ௑ܲ(݁|0) and ௑ܲ(݁|1) resemble the conditional bit error probabilities
when the transmitted bit is “0” or “1”. Conditioned on the channel state ℎ, the following
relation is then obtained:
௑ܲ(݁|0, ℎ) = ௑ܲ(݁|1,ℎ) = ܳ ቀඥܴܵܰ(ℎ)ቁ ; (3.2)
where ܳ(⋅) is the Gaussian-Q function given by:
ܳ(ݕ) = 1√2ߨන expቆ−ݐଶ2 ቇ݀ݐஶ௬ . (3.3)
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With reference to the expression for ܴܵܰ(ℎ) defined by (2.2), it should be noted that the
total noise contributions (i.e., shot noise, dark current noise, thermal noise and background
noise) are taken into account by the statistical noise variance ߪ௡ଶ, and is assumed constant
in the corresponding SNR calculations [6, 24, 34]. Considering the symmetry of the
problem with ௑ܲ(0) = ௑ܲ(1) = 0.5 and ௑ܲ(݁|0) = ௑ܲ(݁|1) , the average BER can be
determined by averaging over the PDF of ℎ [94]:
௘ܲ = න ௛݂(ℎ)ܳ ቀඥܴܵܰ(ℎ)ቁ݀ℎ .∞଴ (3.4)
3.4.2. Probability of Outage
The instantaneous capacity corresponding to a channel state ℎ is given by [24, 25,
156]:
ܥ൫ܴܵܰ(ℎ)൯ = ෍ ௑ܲ(ݔ)ଵ௫ୀ଴ න ݂(ݕ|ݔ,ℎ)ା∞ି∞
× logଶ ቈ ݂(ݕ|ݔ, ℎ)∑ ݂(ݕ|ݔ = ݉,ℎ) ௑ܲ(݉)௠ୀ଴,ଵ ቉ ݀ݕ ; (3.5)
where ௑ܲ(ݔ) is the probability of the bit being one (ݔ = 1) or zero (ݔ = 0), with ௑ܲ(ݔ =
0) = ௑ܲ(ݔ = 1) = 0.5, and ݂(ݕ|ݔ, ℎ) can be expressed as:
݂(ݕ|ݔ, ℎ) = ⎩⎪⎨
⎪⎧ 1ඥ2ߨߪ௡ଶ exp ቈ− ݕଶ2ߪ௡ଶ቉ , ݔ = 0
1ඥ2ߨߪ௡ଶ exp ቈ− (ݕ − 2 FܲSOߛℎ)ଶ2ߪ௡ଶ ቉ , ݔ = 1 . (3.6)
Since the optical slow-fading channel is random and remains unchanged over a long block
of bits, the time-varying channel capacity will not be sufficient to support a maximum data
rate, when the instantaneous SNR falls below a threshold [25, 159]. Such occurrence,
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known as system outage, can result in a loss of potentially up to 10
9
consecutive bits at a
data rate of 10 Gbps, under deep fades scenarios that may last for ~1-100 ms [28]. In this
case, the outage probability is an appropriate performance measure of the capacity, which
represents the probability that the instantaneous channel capacity ܥ falls below a
transmission rate ܴ଴, given by the relation:
oܲut = Prob൫ܥ൫ܴܵܰ(ℎ)൯ < ܴ଴൯ . (3.7)
Since ܥ(∙) is monotonically increasing with SNR, oܲut is the cumulative density function ofℎ evaluated at ℎ଴ = ටܥିଵ(ܴ଴)ߪ௡ଶ 2 FܲSOଶ ߛଶ⁄ , thus can be determined equivalently from the
expression [24]:
oܲut = න ௛݂(ℎ)௛బ଴ ݀ℎ . (3.8)
3.4.3. Average Channel Capacity
The average channel capacity represents the practically achievable information
carrying rate (in bits per channel use) through the time-varying fading channel with an
arbitrarily small probability of detection error. This can be approached by using channel
codes of large block lengths, in order to capture the effects of the channel variations
through the codewords [25]. The average capacity 〈ܥ〉 for a binary-input continuous-output
channel is defined as the maximum mutual information between the input to the channel ݔ,
and output from the channel ݕ, where the maximum is taken over all input distributions
[159, 161]. For a known channel at the receiver:
〈ܥ〉 = ෍ ௑ܲ(ݔ)ଵ௫ୀ଴ න න ݂(ݕ|ݔ,ℎ) ௛݂(ℎ)ஶ଴ஶିஶ
95
× logଶ ቈ ݂(ݕ|ݔ,ℎ)∑ ݂(ݕ|ݔ = ݉,ℎ) ௑ܲ(݉)௠ୀ଴,ଵ ቉ ݀ℎ݀ݕ ; (3.9)
where ݂(ݕ|ݔ, ℎ) can be expressed as:
݂(ݕ|ݔ, ℎ) = ⎩⎪⎨
⎪⎧ 1ඥ2ߨߪ௡ଶ exp ቈ− ݕଶ2ߪ௡ଶ቉ , ݔ = 0
1ඥ2ߨߪ௡ଶ exp ቈ− (ݕ − 2 FܲSOߛℎ)ଶ2ߪ௡ଶ ቉ , ݔ = 1 . (3.10)
In the case of unknown channel at the receiver:
〈ܥ〉 = ෍ ௑ܲ(ݔ)ଵ௫ୀ଴ න ݂(ݕ|ݔ)logଶ ቈ ݂(ݕ|ݔ)∑ ݂(ݕ|ݔ = ݉) ௑ܲ(݉)௠ୀ଴,ଵ ቉ ݀ݕ ;∞ି∞ (3.11)
where and ݂(ݕ|ݔ) can be expressed as:
݂(ݕ|ݔ) = ⎩⎪⎨
⎪⎧ 1ඥ2ߨߪ௡ଶ exp ቈ− ݕଶ2ߪ௡ଶ቉ , ݔ = 0
1ඥ2ߨߪ௡ଶන exp ቈ− (ݕ − 2 FܲSOߛℎ)ଶ2ߪ௡ଶ ቉ ௛݂(ℎ)݀ℎ∞଴ , ݔ = 1 . (3.12)
3.5. Outage Analysis
Recall the proposed system model described in Section 2.2, with the block diagram
of the SISO horizontal FSO communication link as presented in Figure 2.1. The FSO link
design analysis is carried out under the influence of different operating conditions, such as
the weather effects as signified by the visibility ܸ and turbulence strength ܥ௡ଶ, the PE loss
with jitter variance ߪ௣௘ଶ , and the propagation distance ܮ . In addition, system design
considerations, which include: the transmitter beam width ݓ଴, receiver aperture diameter ܦ,
laser wavelength ߣ, data rate ܴ଴, transmitted optical power FܲSO, and knowledge of CSI are
investigated and compared with respect to the performance metrics. The relevant
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parameters considered in the performance analysis are provided in Table 3.1; and assumed
for the numerical results presented here, unless otherwise specified. These nominal settings
are selected by carefully reviewing the relevant parameter values, which have been widely
considered and scrutinized [24, 74-76, 90-93].
3.5.1. Outage Probability under Light Fog Condition
Figure 3.1 illustrates the probability of outage oܲut in terms of the transmitter beam
width ݓ଴ for an achievable rate ܴ଴ = 0.5 bits/channel use, under the light fog condition atܮ = 1.0 km; and for a variety of receiver aperture diameter ܦ. The simulation settings and
weather-dependent parameters considered in the outage analysis are defined in Table 3.1
and Table 3.2, respectively. Recalling the combined channel fading model in Section 2.4.4,
oܲut is obtained by substituting (2.74) into (3.8) for a range of ݓ଴ values varying between 4
mm and 100 mm at a step size of 1 mm, whereby the weak turbulence case (i.e., ߪோଶ = 0.1)
Table 3.1: Parameters of the partially coherent FSO communication system.
Parameter Symbol Typical value
Laser wavelength ߣ 1550 nm
Average transmitted optical power FܲSO 10 mW
Photodetector responsivity ߛ 0.5 A/W
Noise variance ߪ௡ଶ 10-14 A2
Receiver diameter ܦ 200 mm
Spatial coherence length ݈௖ 1.38 mm
Nominal beam width ݓ଴ 50 mm
PE-induced jitter standard deviation ߪ௣௘ 30 cm
Table 3.2: Weather-dependent parameters considered in the outage analysis.
Weather conditions
Visibility, ࢂ
(km)
Atmospheric turbulence
strength, ࡯࢔૛ (m-2/3) Rytov variance,࣌ࡾ૛ (at 1.0 km)
Light fog 0.642 5.0 × 10
-15
0.1
Clear weather 10.0 5.0 × 10
-14
1.0
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is considered here. From Figure 3.1, it is noted that lower oܲut can be achieved with larger
values of ܦ as a result of the aperture-averaging effect, which is evident from the reduction
in the scintillation index. For instance, the system performance improves by ~8 orders of
magnitude for ܦ = 200 mm at ݓ଴ = 10 mm, as compared to the remaining cases of ܦ with
smaller collecting areas, which experience complete system annihilation. In addition, the
Figure 3.1: Probability of outage in terms of the transmitter beam width under the light fog
condition, for ܮ = 1.0 km and ܴ଴ = 0.5 bits/channel use . For the different receiver
aperture sizes ܦ under examined, the optimum beam width ݓ଴opt have been identified and
shown here.
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numerical results show that the best performance can be obtained through the selection of
an optimum beam width ݓ଴opt for a considered ܦ value; and suggest that the best
combination of ܦ and ݓ଴opt enables optimal link design, as ݓ଴opt decreases with larger ܦ. Atܮ > 1.5 km, the FSO link experiences complete system outage, which is non-recoverable
albeit optimizing the system design parameters. This is mainly because the absorption and
scattering effects due to the presence of atmospheric particles attenuates and destroys the
optical beams propagating at longer link distances.
Next, Figure 3.2 depicts the trade-off between the probability of outage oܲut and the
maximum achievable transmission rate ܴ଴, under the light fog condition at ܮ = 1.0 km and
for ߣ = {850, 1064, 1550} nm . Based upon the assumed values of ܦ = 200 mm and
Figure 3.2: Trade-off between the outage probability and maximum achievable rate under
the light fog condition, for ܮ = 1.0 km , ܦ = 200 mm , ݓ଴ = 10 mm , and ߣ =
{850, 1064, 1550} mm . Numerical values in the figure legend refers toቀߪூଶ(0), ܣ௚, ߪூଶ(ܦ)ቁ.
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ݓ଴ = 10 mm, oܲut is determined through the substitution of (2.74) into (3.8) for all the
considered ܴ଴ values ranging from 0 to 1. It is observed that FSO links operating atߣ = 1550 nm can achieve a significantly larger ܴ଴ with reduced aperture-averaged
scintillation index ߪூଶ(ܦ) , as compared to smaller laser wavelengths. For instance, at
oܲut = 10
-6
, an achievable rate in excess of 0.7 bits/channel use is attainable at ߣ =
1550 nm, while much smaller ܴ଴ of 0.15 bits/channel use and 0.45 bits/channel use are
achieved at ߣ = 850 nm and ߣ = 1064 nm, respectively. This implies that the adopted
wavelength is an important link design criterion for maximizing the transmission rate with
low outage probability.
3.5.2. Outage Probability under Clear Weather Condition
Figure 3.3 presents the probability of outage oܲut against the transmitter beam widthݓ଴ for ܴ଴ = 0.5 bits/channel use, under the clear weather condition at ܮ = 3.5 km (see
Table 3.2), where different values of ܦ are considered. In the case of a stronger turbulence
with ߪோଶ = 1.0, oܲut is obtained by substituting (2.75) into (3.8) for different ݓ଴ values
ranging from 2 mm to 200 mm at a fixed interval of 2 mm. Under high-visibility
atmospheric conditions, FSO links can achieve greater propagation distances. This is
mainly because the optical beams are less susceptible to attenuation caused by absorption
and scattering, as indicated by a higher ℎ௟ (= 0.7006), albeit requiring a larger ݓ଴ to
mitigate the impact of scintillation due to the strong turbulence and misalignment-induced
fading. It is evident from the numerical results that a larger ݓ଴opt of 46 mm is required forܦ = 200 mm, as compared to the light fog condition (see Figure 3.1), in order to produce a
more coherent laser beam with greater resilience to the scintillation effect. This in turn
results in a larger beam spot size at the receiver, which mitigates the jitter-induced PE loss
while enabling effective collection of the optical signal by the enlarged receiver aperture.
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On the other hand, the optimal value is generally in excess of 60 mm for smaller aperture
sizes under investigation, except for ܦ = 40 mm, in which significant reduction in oܲut is
unattainable albeit manifold increase in ݓ଴.
The trade-off between the probability of outage oܲut and the maximum achievable
transmission rate ܴ଴ for ߣ = {850, 1064, 1550} nm, is also examined for the high-visibility
strong-turbulence scenario as shown in Figure 3.4. Taking into account the assumed
Figure 3.3: Probability of outage as a function of the transmitter beam width under the
clear weather scenario, for ܮ = 3.5 km and ܴ଴ = 0.5 bits/channel use. The optimum beam
width is identified and shown for various receiver aperture sizes, except for ܦ = 40 mm
which does not have an optimal value.
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parameters of ܮ = 3.5 km , ܦ = 100 mm, and ݓ଴ = 50 mm, oܲut is found through the
substitution of (2.75) into (3.8) for the different ܴ଴ values varying between 0 and 1. The
advantage of adopting a particular laser wavelength on the FSO link performance is less
distinctive in this case. This observation can be explained by the fact that the optical
channel fading characteristics have altered the propagation properties of the laser beam,
thereby concluding that the optimization of capacity metrics is best achieved through
proper selection of ܦ and ݓ଴ for a known ߣ and/or increasing the transmit power FܲSO.
3.6. The Aperture Averaging Effect
The effect of aperture-averaging on horizontal FSO communication links with
spatially partially coherent laser beams is studied here, in order to examine the two
Figure 3.4: Trade-off between the outage probability and maximum achievable rate under
the clear weather scenario, for ܮ = 3.5 km , ܦ = 100 mm , ݓ଴ = 50 mm , and ߣ =
{850, 1064, 1550} mm . Numerical values in the figure legend refers toቀߪூଶ(0), ܣ௚, ߪூଶ(ܦ)ቁ.
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distinctive advantages of using enlarged receiver apertures, while taking into account
numerous link design considerations. In principle, aperture averaging reduces the
turbulence-induced scintillation level through the shifting of the relative frequency content
of the irradiance power spectrum towards lower frequencies, which averages out the fastest
fluctuations; and potentially mitigates the PE loss, as can be observed from the reduction in
the normalized jitter 2ߪ௣௘ ܦ⁄ .
3.6.1. Error Performance due to Atmospheric Effects
Figure 3.5 illustrates the average BER 〈ܤܧܴ〉 in terms of the average transmitted
optical power FܲSO, under different light fog scenarios at ܮ = 1.0 km, and for a range of ܦ.
The simulation settings and weather-dependent parameters considered in the aperture
averaging studies are defined in Table 3.1 and Table 3.3, respectively. In the occurrence of
low-visibility conditions with typically weak turbulences (i.e., ߪோଶ ≪ 1.0 ), 〈ܤܧܴ〉 is
calculated for range of FܲSO values by employing (2.74) and (3.3) in (3.4). It is noted that a
lower 〈ܤܧܴ〉 can be achieved with much smaller transmit power requirement by utilizing
receiver apertures of larger ܦ ; in which a substantial FܲSO reduction of >20 dB can be
Table 3.3: Weather-dependent parameters considered in the aperture-averaging studies.
Weather
conditions
Visibility,ࢂ (km) Atmospheric turbulencestrength, ࡯࢔૛ (m-2/3) Link distance, ࡸ(km) Rytov variance,࣌ࡾ૛
Light fog 0.642 5.0 × 10
-15
1.0 0.10
Moderate fog 0.480 2.0 × 10
-15
1.0 0.04
Dense fog 0.150 1.0 × 10
-15
1.0 0.02
Clear weather 10.0
5.0 × 10
-14
1.0 1.00
4.5 15.69
7.5 40.02
3.1230 × 10
-16
7.5
0.25
1.1244 × 10
-14
9.00
1.8739 × 10
-14
15.00
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made possible with ܦ = 400 mm, for 〈ܤܧܴ〉 = 10-9 and ܸ = 0.642 km, as compared to the
case of ܦ = 40 mm. In addition, the system under study would require higher FܲSO under
the moderate fog condition (ܸ = 0.480 km), to compensate for the increase in atmospheric
attenuation (ߪ = 36.12 dB/km); in which a greater FܲSO requirement of ~13 order-of-
magnitude is observed for 〈ܤܧܴ〉 = 10-9, albeit the introduction of an enlarged receiver
aperture with ܦ = 200 mm. Under the most extreme low-visibility case (ܸ = 0.150 km,
Figure 3.5: Average BER in terms of the transmitted optical power under different light
fog conditions at ܮ = 1.0 km. In the figure legend, the numerical values (in parenthesis)
refer to the attenuation coefficient ߪ.
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ߪ = 115.58 dB/km), the FSO link experiences complete system annihilation, which is non-
recoverable albeit deliberately increasing the values of ܦ and FܲSO.
Next, Figure 3.6 depicts the variation of the average BER 〈ܤܧܴ〉 against the average
transmitted optical power FܲSO , for the clear weather conditions with ܸ = 10.0 km. In
particular, the fading reduction resulting from aperture averaging is evaluated for a range
of considered ܦ values, with ܥ௡ଶ = 5.0 × 10-1ସ m-ଶ ଷ⁄ (ߪோଶ = 1.00) at ܮ= 1.0 km; and the
turbulence-induced scintillation effect is also observed for two other cases ofܮ at 4.5 km
(ߪோଶ = 15.69) and 7.5 km (ߪோଶ = 40.02). Please refer to Table 3.3 for complete details of the
relevant weather-dependent parameters. In the event of stronger turbulences with ߪோଶ ≥ 1.0
under clear weather conditions, 〈ܤܧܴ〉 is determined for range of FܲSO values by taking
into account (2.75) and (3.3) in (3.4). In general, the FSO link has a lower FܲSO
requirement as compared to the low-visibility cases (Figure 3.5) for the same system
configuration, which is mainly due to the significantly lower atmospheric attenuation ofߪ = 0.4508 dB/km. The introduction of a receiver aperture with larger ܦ enhances the link
performance, in which FܲSO reduction in excess of 25 dB is observed for 〈ܤܧܴ〉 = 10-9
with ܦ = 400 mm, as compared to the case of ܦ = 40 mm. At greater link distances, the
increase in scintillation level (indicated by larger ߪோଶ) results in the skewing of the mean
BER curve, exhibiting much smaller step size in 〈ܤܧܴ〉 reduction with respect to the same
increment in the FܲSO . These observations are particularly prominent in the cases of
smaller ܦ , which can be explained by the alteration in the irradiance profile from a
normally-distributed pattern towards a distribution with longer tails in the infinite direction.
The skewness of the density distribution denotes the extent of the optical intensity
fluctuations as the channel inhomogeneity increases.
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Figure 3.6: Average BER in terms of the transmitted optical power in the strong
turbulence regime at ܮ = {1.0, 4.5, 7.5} km. In the figure legend, the numerical values
(in parenthesis) refer to the Rytov variance ߪோଶ.
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Figure 3.7(a) presents the average BER 〈ܤܧܴ〉 as a function of the average electrical
SNR 〈ܴܵܰ〉, under the light fog condition withܸ = 0.642 km and ܥ௡ଶ = 5.0 × 10-15 m-2 3⁄
( ߪோଶ = 0.1 ) at ܮ = 1.0 km (see Table 3.3); taking into account the effect of ܦ and
comparing with respect to the AWGN (i.e., no turbulence) case. The calculation of 〈ܤܧܴ〉
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(a)
(b)
Figure 3.7: Average BER as a function of the average electrical SNR under the (a) light
fog and (b) clear weather conditions at ܮ = 1.0 km, taking into account the effect of ܦ
and comparing with the AWGN (non-turbulent) case.
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presented in Figure 3.7(a) and Figure 3.7(b) involves the same approach used for Figure
3.5 and Figure 3.6, respectively; whereas the 〈ܴܵܰ〉 values are found by integrating (2.2)
over all the possible channel fading states ℎ. The numerical results show that a two-fold
reduction in the mean BER is observed for 〈ܴܵܰ〉 = 15 dB with ܦ = 400 mm , as
compared to the case of ܦ = 40 mm; thus bringing the resulting 〈ܤܧܴ〉 curve closer to the
ideal non-turbulent case, albeit deviating from the reference with a 2-dB gap in the mean
SNR for achieving a 〈ܤܧܴ〉 of 10-9. Performance enhancement due to aperture averaging is
further prevalent in the strong turbulence regime (ܸ = 10.0 km, ߪோଶ = 1.0 at ܮ = 1.0 km)
as depicted in Figure 3.7(b), whereby the resulting scintillation reduction potentially
decreases the average BER by more than four order-of-magnitude for 〈ܴܵܰ〉 > 15 dB withܦ = 400 mm, as compared to the case of ܦ = 40 mm. In effect, these observations can be
justified by the shifting of the relative frequency content of the irradiance power spectrum
toward lower frequencies due to the aperture averaging effect; in essence, averaging out
the fastest fluctuations, thereby resulting in scintillation reduction and lower BER
attainment [11, 40].
3.6.2. Average Channel Capacities due to Channel State Information
Figure 3.8(a) presents the average channel capacity 〈ܥ〉 as a function of the average
electrical SNR 〈ܴܵܰ〉 for ܦ = {40, 80, 200, 400} mm, assuming the CSI is known to the
receiver. The light fog condition is considered here, with ܸ = 0.642 km , ܥ௡ଶ =
5.0 × 10
-15
m-2 3⁄ (ߪோଶ = 0.1) at ܮ = 1.0 km (see Table 3.3). In the case of a known channel
at the receiver under weak turbulence condition, 〈ܥ〉 is determined by substituting (2.74)
and (3.10) into (3.9) for different values of 〈ܴܵܰ〉. Under the visibility-impaired weak
turbulence condition, a faster increase in the average capacity with respect to the 〈ܴܵܰ〉 is
observed, in which the maximum channel capacity is approached at higher mean SNR
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Figure 3.8: Average channel capacity as a function of the average electrical SNR for
different receiver aperture dimension, under the (a) light fog (ܸ = 0.642 km, ߪோଶ = 0.1 atܮ = 1.0 km); and (b) clear weather ܸ = 10.0 km, ߪோଶ = 1.0 at ܮ = 1.0 km, ߪோଶ = 15.0 atܮ = 7.5 km) conditions. The CSI is assumed known to the receiver.
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values in excess of 14 dB. In addition, near-identical behaviour is noted for all the cases ofܦ under investigation, albeit observing an increase in the fraction of collected power ܣ଴
and a reduction in the aperture-averaged scintillation level ߪூଶ(ܦ) (see figure legend).
These observations reveal that 〈ܥ〉 is almost independent of ܦ , since the effects of
scintillations and PEs are less dominant, as compared to the beam extinction resulting from
the scattering and absorption of atmospheric particles, which can be compensated by
increasing the transmit optical power of the laser beam.
The corresponding results for the clear weather scenarios are illustrated in Figure
3.8(b), with ܸ = 10.0 km , ܥ௡ଶ = 5.0 × 10-14 m-2 3⁄ at ܮ = 1.0 km (ߪோଶ = 1.0 ), and ܥ௡ଶ =
1.8739 × 10
-14
m-2 3⁄ at ܮ = 7.5 km (ߪோଶ = 15.0) (see Table 3.3). In the event of a known
channel at the receiver for various moderate-to-strong turbulence cases, 〈ܥ〉 is determined
by substituting (2.75) and (3.10) into (3.9) for different values of 〈ܴܵܰ〉. In comparison to
the light fog condition (Figure 3.8(a)), it is evident that the average channel capacity is
more susceptible to the adverse effects of atmospheric turbulence, which imposes a higher
scintillation level and PE loss, as signified by a larger ߪூଶ(ܦ) and ߦ values, respectively. Atߪோଶ = 1.0, the average capacity increases at a relatively slower rate for ܦ = 40 mm, as
compared to the remaining cases; and then approaches the maximum channel capacity for〈ܴܵܰ〉 > 16 dB. It is evident that maximum capacity enhancement can be attained with
larger receiver apertures of ܦ = {200, 400} mm, in which near-optimal channel capacities
of more than 0.99 bits/channel use are achieved for 〈ܴܵܰ〉 ≥ 14 dB. Furthermore, a larger
penalty on the FSO channel capacity is observed at a longer link distance of ܮ = 7.5 km
with ߪோଶ = 15.0, which is particularly pronounced for larger 〈ܴܵܰ〉 values; where it is
shown that there is significant variation in 〈ܥ〉 for all the considered ܦ values, with a
maximum deviation of 0.31 bits/channel use at 〈ܴܵܰ〉 = 14 dB. It is noted that the average
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capacity increases at a much slower rate for the cases of ܦ = {40, 80} mm, and approaches
their respective values well below the maximum capacity. However, improvement in the
channel capacity of more than 25% can be made possible for 〈ܴܵܰ〉 in excess of 10 dB
with ܦ = 400 mm.
Figure 3.9 depicts the average capacity 〈ܥ〉 against the average electrical SNR 〈ܴܵܰ〉
for the weak and moderate-to-strong turbulence regimes, with ܥ௡ଶ = 3.1230×10-16 m-2 3⁄
(ߪோଶ = 0.25) and ܥ௡ଶ = 1.1244×10-14 m-2 3⁄ (ߪோଶ = 9.00), respectively (see Table 3.3). The
effect of PEs, as signified by the normalized jitter 2 ߪ௣௘ ܦ⁄ , is examined for a variety of ܦ
values, with ܮ = 7.5 km and ܸ = 10 km; and for the cases of known (i.e., (3.9) and (3.10))
and unknown channels (i.e., (3.11) and (3.12)) at the receiver. In the weak turbulence
regime (Figure 3.9(a)), a faster increase in the average capacity with respect to the SNR is
observed, showing less variation between the known and unknown channel cases for all
the considered ܦ values; in which the maximum channel capacity is approached at higher
SNR values in excess of 16 dB. The variation between known and unknown channels is
larger for the moderate-to-strong turbulence scenario (Figure 3.9(b)), and is prevalent
under the influence of PEs with 2ߪ௣௘ ܦ = 15.0⁄ ; where it is noted that an average capacity
gap of ~0.15 bits/channel use at 〈ܴܵܰ〉 = 14 dB. This implies that greater penalty will be
imposed upon the channel capacity under the combined effects of turbulence and PEs, and
without knowledge of the channel state conditions. Nevertheless, the introduction of larger
receiver aperture promotes capacity enhancement and potentially minimizes the observed
gap; in which a notable improvement in 〈ܥ〉 of ~0.46 bits/channel use can be achieved at〈ܴܵܰ〉 = 14 dB with ܦ = 400 mm, albeit not knowing the channel state at the receiver. In
addition, 〈ܥ〉 exhibits near-identical behaviour with negligibly small variation for both
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Figure 3.9: Average channel capacity in terms of the average electrical SNR for the (a)
weak (ߪோଶ = 0.25) and (b) moderate-to-strong (ߪோଶ = 9.00) turbulence regimes, whereܸ = 10.0 km and ܮ = 7.5 km. The effect of PEs, as signified by the normalized jitter, is
examined for the cases of known and unknown channels at the receiver.
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channel cases with ܦ = 400 mm; thus approaching an asymptotic limit of 1.0 bits/channel
use for 〈ܴܵܰ〉 ≥ 14 dB.
3.7. BeamWidth Optimization
3.7.1. Dependence on Link Design Criteria
In Figure 3.10, the relationship between the transmitter beam width ݓ଴ on the
average channel capacity 〈ܥ〉 (see (3.11) and (3.12)) is examined, in the presence of
atmospheric turbulence and PEs, given that the channel state is unknown to the receiver.
The weak (ߪோଶ = 0.25) and moderate-to-strong (ߪோଶ = 9.00) turbulence conditions are
considered here, for ܮ = 7.5 km , ܸ = 10.0 km and 〈ܴܵܰ〉 = 14 dB . The simulation
settings and weather-dependent parameters considered in the present beam width
optimization studies are defined in Table 3.1 and Table 3.4, respectively. It is evident that
the FSO channel capacity is susceptible to the adverse effects of turbulence-induced
scintillations and PEs, in which this phenomenon is particularly prevalent in the moderate-
to-strong turbulence case (Figure 3.10(b)); whereby the FSO link suffers performance
degradation with a significant reduction of 0.55 bits/channel use, under the severe PE loss
of 2ߪ௣௘ ܦ⁄ = 19.5 for ݓ଴ = 4 cm, as compared to the weak turbulence condition (Figure
3.10(a)) with a negligibly small variation of < 0.05 bits/channel use. Another interesting
observation is made here, showing that the FSO channel capacity is in fact dependent on
the beam width; and changing the ݓ଴ value affects the achievable capacity under different
atmospheric channel conditions. Correspondingly, this reveals the importance of finding an
optimal ݓ଴ value and adjusting the parameter to maximize 〈ܥ〉; and hence, ݓ଴ is a vital
parameter in the FSO link design consideration.
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(a)
(b)
Figure 3.10: Relationship between the average channel capacity, transmitter beam width
and PE loss, for ܸ = 10.0 km, ܮ = 7.5 km, 〈ܴܵܰ〉 = 14 dB, and an unknown channel at
the receiver. The (a) weak ( ߪோଶ = 0.25 ) and (b) moderate-to-strong ( ߪோଶ = 9.00 )
turbulence cases are considered.
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Table 3.4: Weather-dependent parameters considered in the beam width optimization
studies.
Visibility, ࢂ (km) 10.0
Atmospheric loss, ࣌ 0.4665
Atmospheric turbulence strength, ࡯࢔૛ (m-2/3)
Link distance, ࡸ (km) 4.5 7.5 18.0
R
y
to
v
v
a
ri
a
n
ce
,
࣌ ࡾ૛
0.10 3.1869 × 10
-16
1.2493 × 10
-16
2.5097 × 10
-17
0.15 4.7804 × 10
-16
1.8739 × 10
-16
3.7645 × 10
-17
0.20 6.3739 × 10
-16
2.4986 × 10
-16
5.0191 × 10
-17
0.25 7.9659 × 10
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In Figure 3.11, the present analysis is extended to investigate the effects of beam
width on the average channel capacity under the influence of a variety of turbulence
strength (as signified by ߪோଶ in (2.40)); taking into account the clear weather condition atܮ = {4.5, 7.5, 18.0} km , with ܸ = 10 km , 2ߪ௣௘ ܦ⁄ = 12.0 and 〈ܴܵܰ〉 = 14 dB . Atܮ = 4.5 km (Figure 3.11(a)), near-optimal 〈ܥ〉 in excess of 0.85 bits/channel use can be
approached in the weak turbulence regime (ߪோଶ ≤ 1.0), with optical beams of smaller size
(ݓ଴ = {3, 8} cm); whereas performance degradation is observed with increasing beam
width. For instance, the average capacity suffers a substantial reduction of 0.48
bits/channel use when ݓ଴ is intentionally increased from 3 cm to 24 cm at ߪோଶ = 0.1; and
exhibits a rather persistent behaviour at 〈ܥ〉 ≈ 0.5 bits/channel use, for ߪோଶ values ranging
from 0.1 to 10.0, and increases thereafter albeit giving the worst performance for all the
considered ݓ଴ values. At a longer link distance of ܮ = 7.5 km (Figure 3.11(b)), it is
observed that smaller beam widths (ݓ଴ = {5, 10} cm) are desirable at ߪோଶ ≤ 1.0 with〈ܥ〉 > 0.83 bits/channel use , but gives the lowest average capacity attainment in the
stronger turbulence regime of ߪோଶ ≥ 10.0. In particular, it is noted that the optimal 〈ܥ〉 can
be achieved with ݓ଴ = 20 cm in the intermediate turbulence regime of ߪோଶ = 2.0 to 7.0.
The numerical results presented for the case of ܮ = 18.0 km (Figure 3.11(c)) also exhibits
similar behaviour, showing that 〈ܥ〉 > 0.90 bits/channel use can be achieved with ݓ଴ =
20 to 40 cm for ߪோଶ ≤ 5.0, whereas performance degradation is observed for the remaining
cases of ݓ଴ = {60, 90} cm, and vice versa. These observations can be explained by the fact
that the PCB suffers substantial alteration in its beam profile/characteristics when
propagating through free-space, which is mainly contributed by the combined effects of the
turbulence-induced scintillation and beam wander; thereby resulting in the variation of the
channel capacity for different ߪோଶ. In addition, link distance remains as another important
link design criterion, since greater ܮ corresponds to stronger turbulence; which in turn
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requires a larger optimal ݓ଴ value for the cases of ܮ = 7.5 km (Figure 3.11(b)) andܮ = 18.0 km (Figure 3.11(c)), as compared to ܮ = 4.5 km (Figure 3.11(a)), under a
significant PE loss of 2ߪ௣௘ ܦ⁄ = 12.0, as evident from the observations made for ߪோଶ ≥
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10.0. Therefore, beam width optimization is a feasible approach in promoting capacity
enhancement for long-distance terrestrial FSO links, since larger transmitter beam radius
improves the average channel capacity only in the stronger turbulence regime, while
imposing severe performance degradation under weak-to-moderate turbulence conditions,
and vice versa.
3.7.2. Optimum BeamWidth
The characteristics of the optimum beam width ݓ଴opt for finding the best achievable
average capacity 〈ܥ〉 is examined, under the combined effects of different atmospheric
channel conditions that are likely to occur in practice. These parameters are determined
through an exhaustive search over their discrete sets, with the results as readily presented
(c)
Figure 3.11: Average channel capacity against the Rytov variance for a variety of beam
width settings. The clear weather scenario is considered at (a) ܮ = 4.5 km, (b) ܮ =
7.5 km, and (c) ܮ = 18.0 km, where ܸ = 10.0 km, 2ߪ௣௘ ܦ⁄ = 12.0, and 〈ܴܵܰ〉 = 14 dB.
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in Figure 3.12. Figure 3.12(a) shows the variation of ݓ଴opt in terms of the turbulence
strength (as signified by ߪோଶ), for ܮ = 7.5 km, ܸ = 10 km, 〈ܴܵܰ〉 = 14 dB and different
normalized jitter values of 2ߪ௣௘ ܦ⁄ = {6.0, 9.0, 12.0, 15.0} ; and the corresponding
optimized 〈ܥ〉 is depicted in Figure 3.12(b). In general, the ݓ଴opt values are relatively
smaller when the effects of turbulence and PEs are less severe; whereby it is observed thatݓ଴opt is typically less than 15 cm for ߪோଶ ≤ 1.5 and/or 2ߪ௣௘ ܦ⁄ ≤ 6.0, which corresponds to
an optimal capacity in excess of 0.88 bits/channel use. In the weak turbulence regime, ݓ଴opt
exhibits a linear incremental trend for all cases of 2ߪ௣௘ ܦ⁄ when ߪோଶ ≤ 2.0; and shows
vastly contrasting characteristics thereafter. An appealing observation is made here,
showing a reduction in ݓ଴opt from 7.25 cm to 5.65 cm, as 2ߪ௣௘ ܦ⁄ varies from 6.0 to 15.0 atߪோଶ = 0.1; thereby revealing the fact that the transmitter beam width can be made smaller
albeit with increasing PE loss. Moreover, in the intermediate turbulence regime with ߪோଶ
ranging from 2.0 to 10.0, ݓ଴opt exhibits small steps of decrease in its value for 2ߪ௣௘ ܦ⁄ =
{6.0, 9.0}; but shows a linear increase for the remaining cases, where the PE loss is more
severe. This phenomena can be explained by the fact that the combined effects of
turbulence-induced scintillations and PEs can result in an increase in the effective beam
radius, given the condition that either one or both of these adversities are least dominant;
which in turn reduces the sensitivity to optical intensity fluctuations, and thus a smallerݓ଴opt value for maximizing 〈ܥ〉. Nevertheless, ݓ଴opt must be increased accordingly for the
strong turbulence case with ߪோଶ > 10.0, in which such incremental trend changes from a
more linear to an exponential behaviour with larger 2ߪ௣௘ ܦ⁄ ; since increasing the receiver
beam size of a PCB enables the reduction in the scintillations and PEs. As evident from
Figure 3.12(b), the FSO channel capacity is highly susceptible to the adverse effects of
atmospheric turbulence, and suffers greater performance degradation for larger PE loss
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(a)
(b)
Figure 3.12: The optimal (a) beam width and (b) average channel capacity with respect
to the Rytov variance under the clear weather condition, for
2ߪ௣௘ ܦ⁄ = {15.0, 12.0, 9.0, 6.0} at 〈ܴܵܰ〉 = 14 dB ; where ܸ = 10.0 km , ܮ = 7.5 km ,
and the channel state is unknown to the receiver.
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albeit performing beam width optimization; whereby a notable reduction in 〈ܥ〉 is observed
for all the considered 2ߪ௣௘ ܦ⁄ values, with a maximum variation of 0.11, 0.22, 0.33 and
0.42 bits/channel use, respectively. Furthermore, a slight improvement in the FSO channel
capacity is noticed for ߪோଶ > 10.0, since increasing the beam width and transmit optical
power (to give 〈ܴܵܰ〉 = 14 dB) alters the PCB into a relatively coherent laser beam, which
is more resilient to the strong turbulence conditions.
3.8. Summary
This chapter has examined the performance of partially coherent FSO
communication links from the information theory perspective, taking into account the
adverse effects of atmospheric loss, turbulence-induced scintillations and PEs. In particular,
a spatially partially coherent Gaussian-beam wave and important link design criteria have
been jointly considered, in which the latter consists of the receiver aperture dimension and
its resulting aperture averaging effect, transmitter beam width, link range, knowledge of
CSI, and weather conditions. By using the combined optical slow-fading channel model to
describe the optical channel characteristics, a comprehensive analysis of the error
performance, average channel capacity and outage probability of the FSO system have
been presented. Moreover, the lowest-order Gaussian-beam wave model has been
introduced in the proposed study, to characterize the propagation properties of the optical
signal through random turbulent medium in an accurate manner; taking into account the
diverging and focusing of the PCB, and the scintillation and beam wander effects arising
from the atmospheric turbulent eddies. Correspondingly, the proposed study have
presented a holistic perspective for optimal planning and design of horizontal FSO links
employing spatially partially coherent laser beams.
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It has been demonstrated that a lower outage probability and improved BER can be
achieved with the introduction of a larger receiver aperture due to the aperture-averaging
effect, which effectively mitigates the scintillations and PE loss. From the outage analysis,
it is evident that there exist an optimum beam width for a considered receiver aperture size
and known laser wavelength, which must be selected according to changing weather
condition for optimizing the outage capacity. While higher transmit power potentially
enhances the error performance of the FSO system for moderate-to-high visibility
scenarios, complete system outage occurs at link distances greater than 1.5 km under the
visibility-limiting light fog condition, and is non-recoverable albeit optimizing the system
parameters. In the aperture-averaging studies, the numerical results have shown that
greater penalty will be imposed upon the average channel capacity under the combined
effects of turbulence and PEs, particularly when the channel state is unknown at the
receiver. With the introduction of an enlarged receiver aperture, a notable average capacity
improvement of up to 0.46 bits/channel use can be achieved for a mean SNR of 14 dB in
the moderate-to-strong turbulence regime, albeit without knowledge of the channel state
conditions. Furthermore, it has been noted that the PCB properties are substantially altered
when propagating through free-space, and revealed the importance of finding an optimal
beam width to maximize the average capacity. Several appealing observations have been
made in this study, showing that the beam width can be reduced to improve the FSO
channel capacity, albeit in the presence of turbulence-induced scintillations and PEs, given
the condition that either one or both of these adversities are least dominant. Nevertheless,
the beam width must be increased accordingly in the strong turbulence regime, whereby
such incremental trend changes from a more linear to an exponential behaviour; since
increasing the beam width and transmit optical power (to give a mean SNR of ~14 dB)
alters the PCB into a relatively coherent laser beam, thus becoming more resilient to the
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strong turbulence conditions. Therefore, beam width optimization is a feasible approach in
promoting capacity enhancement for long-distance terrestrial FSO links; since the beam
parameter is subject to the combined effects of turbulence and PEs, and its optimal value
must be adjusted according to varying channel conditions. The notable observations and
findings highlighted in this chapter have motivated the development of two feasible
optimization techniques, which will be presented in Chapter 4.
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Optimization of a Partially
Coherent Gaussian Beam
4.1. Introduction
The best achievable channel capacities of spatially partially coherent FSO
communication links can be approached through optimum selection of the important link
design parameters, such as the transmitter beam width and receiver aperture diameter,
while taking into account the contributing effects of different operating conditions.
Through the extensive performance studies presented in Chapter 3, new optimization
techniques are developed and introduced in the present chapter, as feasible methods to
mitigate the degrading impacts of turbulence-induced scintillations and PEs, thereby
enabling performance enhancement of the system under study.
In this chapter, the relevant literatures pertaining to PCB optimization in FSO links
CHAPTER
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are discussed in Section 4.2, clearly highlighting the limitations and open research issues
of the mentioned research works; which in turn substantiates the outlining of the main
contributions of the proposed optimization techniques in Section 4.3. Based upon the
aforementioned system and channel models in Section 2.2 and Section 2.4, respectively,
the average channel capacity in the event of unknown CSI at the receiver (as defined by
(3.11) and (3.12)) is employed as a useful performance metric, in order to carry out joint
investigation of the effects of a PCB and aperture averaging in Section 4.4. Numerical
results reveal the inherent advantages of the aperture-averaging effect in mitigating the
scintillations and PE loss; and demonstrate that there exists optimality in the transmitter
beam width under different atmospheric channel conditions, thereby motivating the
development of a theoretical beam width optimization model. In Section 4.5, joint beam
width and spatial coherence length optimization is proposed to maximize the FSO channel
capacity, under the combined influences of atmospheric turbulence and PEs, while taking
into account the aperture-averaging effect. In particular, an optimization metric is
developed to determine the optimum beam divergence at the receiver for maximizing the
average capacity. The concluding remarks are then provided in Section 4.6.
4.2. Background and Motivation
In [72], Schulz examined the problem of maximizing the received mean signal
intensity, and established conditions for the mutual intensity of a transmitted beam, in
order to identify the optimal beam with respect to the two optimization criteria of maximal
mean intensity and minimal scintillation index. It was shown that a fully coherent laser
beam maximizes the expected intensity, whereas a PCB mitigates the scintillation effects.
Chen et al. [73] proposed an optimization criterion for the initial coherence degree of
lasers, based on the PDF of the irradiance fluctuations, which maximizes the received
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irradiance that occurs with the highest probability. In addition, a method for adaptive initial
coherence was given to use the criterion in practical applications. Voelz and Xiao [162]
presented a performance metric to investigate the optimization of the transverse coherence
length as a function of a variety of link parameters and scenarios, which balances the
effects of beam spread and scintillation, for achieving near-optimal FSO link performance.
In [74], Borah and Voelz examined the problem of coherence length optimization in the
weak turbulence regime, in which the conditions for achieving improvement in the outage
probability were described; taking into account the effects of various parameters,
comprising the phase front radius of curvature, transmission distance, wavelength and
beam width. Nevertheless, the effects of PEs and aperture averaging were not considered
in the above-mentioned optimization studies. In [75], Liu et al. proposed a theoretical
model to investigate the average channel capacity optimization in the presence of
atmospheric turbulence and PEs, and showed that both the transmitter beam divergence
angle and beam waist can be tuned to maximize the average capacity for a given
transmitted laser power, subjected to the dependence on the jitter and operation
wavelength, respectively. However, the degree of partial (spatial) coherence of the laser
source was not taken into account in the beam model, since the beam divergence angle is a
function of the transmitter beam waist, for a given system setup and atmospheric
turbulence. Cang and Liu [76] presented the expressions of large- and small-scale log-
irradiance flux variance for a PCB propagating through the non-Kolmogorov turbulence
channel. The achievable average channel capacity was observed for the cases of moderate-
to-strong fluctuations, taking into account specific parameters encompassing conditions of
atmospheric turbulence, receiver aperture diameter and spatial coherence of the laser
source; but PEs and beam optimization were not considered in the study.
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4.3. Main Contributions of Research
Joint investigation of the effects of a spatially partially coherent Gaussian beam and
aperture averaging is presented from the information theory perspective, in order to
examine the resulting impact of the PCB parameters and receiver aperture diameter on the
average channel capacity of the FSO link, in the presence of turbulence-induced
scintillations and PEs. Numerical results show that the FSO channel capacity is highly
susceptible to the adverse effects of scintillations and PEs; and confirm the two distinctive
advantages of introducing an enlarged receiver aperture (i.e., reducing the scintillation and
mitigating the PE loss), and the interest of optimizing the beam width to maximize the
average capacity, especially in the moderate-to-strong turbulence regime. Correspondingly,
a theoretical beam width optimization model is proposed in this research study, which
takes advantage of a simple mathematical solution to determine the optimum beam width.
While an exact closed-form expression for the optimum beam width is unavailable, it is
demonstrated that the parameter value can be alternatively obtained through the numerical
method. Based on the theoretical model, several appealing observations are made and
reported for the first time through the proposed work, showing that a larger optimum beam
width is required under more severe PE losses in the stronger turbulence regimes, in which
such incremental trend changes from a more linear to a near-exponential behaviour with
increasing turbulence strength. When the effect of PEs is less prevalent, the optimum beam
width is relatively smaller compared to the weaker turbulence cases.
Subsequent investigation studies on the characteristics of spatially partially coherent
Gaussian laser beams propagating through the atmospheric turbulence channel reveal the
relationship between the beam width and spatial coherence length to optimize the PCB.
Therefore, a joint beam width and spatial coherence length optimization technique is
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proposed to maximize the average channel capacity in partially coherent FSO links, under
the combined effects of turbulence and PEs, while taking into account the aperture-
averaging effect. Furthermore, an optimization metric, known as the beam spreading gain
is developed to examine the behaviour of the optimum beam divergence, by providing a
feasible translation of the joint optimal transmitter beam parameters into an analogous
level of divergence of the received optical beam. It is demonstrated that the PCBs are
desirable in the weak-to-moderate turbulence regimes, and reveals the need for adjusting
the beam width and the spatial coherence length in order to optimize the beam divergence
by a factor of the beam spreading gain. On the other hand, coherent laser beams operating
at a high transmit power exhibit greater resilience to the strong turbulence conditions; and
are preferred in this case, as indicated by the significant reduction in the proposed
optimization metric. The near-ideal average capacity is best achieved through the
introduction of an enlarged receiver aperture and joint PCB optimization, which effectively
mitigates the adverse effects of scintillations and PEs.
4.4. Theoretical BeamWidth Optimization Model
4.4.1. Performance Analysis
Figure 4.1 illustrates the average channel capacity 〈ܥ〉 (see (3.11) and (3.12)) as a
function of the average electrical SNR 〈ܴܵܰ〉 for a range of normalized jitter 2ߪ௣௘ ܦ⁄ , to
examine the effects of aperture-averaging and PEs in the case of unknown CSI at the
receiver. Unless otherwise specified, the default parameters considered in the presented
results throughout this section are defined accordingly in Table 3.1 and Table 3.4 [24, 76].
The two cases of weak and moderate-to-strong turbulence regimes are considered here,
with ܥ௡ଶ = 3.1230×10-16 m-2 3⁄ ( ߪோଶ = 0.25 ) and ܥ௡ଶ = 1.1244×10-14 m-2 3⁄ ( ߪோଶ = 9.00 ),
128
respectively at a link distance ܮ = 7.5 km. Under the weak turbulence condition (Figure
4.1(a)), a faster increase in 〈ܥ〉 with respect to 〈ܴܵܰ〉 is observed for all considered
(a)
(b)
Figure 4.1: Average channel capacity in terms of the average electrical SNR for different
normalized jitter values, under the: (a) weak (ߪோଶ = 0.25), and (b) moderate-to-strong
(ߪோଶ = 9.00) turbulence conditions.
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2ߪ௣௘ ܦ⁄ values, where the maximum channel capacity is approached at SNR values greater
than 16 dB. Moreover, the variation in 〈ܥ〉 is less significant for the different cases of
2ߪ௣௘ ܦ⁄ at ߪோଶ = 0.25, as compared to the moderate-to-strong turbulence scenario (ߪோଶ =
9.00) in Figure 4.1(b). For the latter case, a significant improvement in 〈ܥ〉 is obtained by
increasing the receiver aperture diameter ܦ . In effect, the benefits of increasing the
receiver aperture size is twofold – reducing the scintillation by shifting the relative
frequency content of the irradiance power spectrum towards lower frequencies; and
mitigating the PE loss, as indicated by the reduction in the normalized jitter. For instance,
it is noted from Figure 4.1(b) that an average channel capacity improvement of more than
0.4 bits/channel use can be achieved at 〈ܴܵܰ〉 = 14 dB (corresponding to a bit error rate of
≈ 10-6), by increasing ܦ from 40 mm to 200 mm, thereby resulting in a near-optimal 〈ܥ〉
of 0.98 bits/channel use for 2ߪ௣௘ ܦ⁄ = 3.0. Furthermore, 〈ܥ〉 approaches the asymptotic
limit of 1.0 bits/channel use for 〈ܴܵܰ〉 > 16 dB, which is unattainable for the remaining
cases.
Figure 4.2 depicts the average channel capacity 〈ܥ〉 against the transmitter beam
width ݓ଴ for a range of 2ߪ௣௘ ܦ⁄ at 〈ܴܵܰ〉 = 14 dB, taking into account the two turbulence
cases of ߪோଶ = {0.25, 9.00}. From Figure 4.2(a), it is observed that the optimal ݓ଴ value is
mainly concentrated in the region of 4 cm to 15 cm under the weak turbulence condition,
whereby the achievable average capacity is typically in excess of 0.92 bits/channel use. In
addition, 〈ܥ〉 exhibits less variation with 2ߪ௣௘ ܦ⁄ for a given ݓ଴ , as compared to the
moderate-to-strong turbulence scenario in Figure 4.2(b), where significant capacity
variations of > 0.4 bits/channel use are seen for ݓ଴ = 4 to 15 cm. It is further noted that
the optimal ݓ଴ values are larger, as compared to the former case. These observations
indicate the high susceptibility of the FSO channel capacity to the adverse effects of
130
scintillations and PEs, and confirm the interest of optimizing the beam width ݓ଴ to
maximize 〈ܥ〉, especially in the moderate-to-strong turbulence regime.
(a)
(b)
Figure 4.2: Average channel capacity as a function of the beam width for a variety of
normalized jitter settings at 〈ܴܵܰ〉 = 14 dB . The (a) weak ( ߪோଶ = 0.25 ) and (b)
moderate-to-strong (ߪோଶ = 9.00) turbulence cases are considered.
5 10 15 20 25
0.80
0.85
0.90
0.95
1.00
2pe/D = 15.02pe/D = 12.0
2pe/D = 9.02pe/D = 7.5
2pe/D = 6.02pe/D = 3.0
Beam width, w0 (in cm)
A
v
er
a
g
e
C
a
p
a
ci
ty
,
<
C
>
(i
n
b
it
s/
ch
a
n
n
el
u
se
) R2 = 0.25
5 10 15 20 25 30 35
0.5
0.6
0.7
0.8
0.9
1.0
Beam width, w0 (in cm)
A
v
er
a
g
e
C
a
p
a
ci
ty
,
<
C
>
(i
n
b
it
s/
ch
a
n
n
el
u
se
) R2 = 9.00
131
4.4.2. Theoretical Model
Correspondingly, a theoretical model is developed to determine the optimum beam
width ݓ଴opt for maximizing the average channel capacity 〈ܥ〉 . In principle, ݓ଴opt can be
derived analytically by taking the relation as follows:݀〈ܥ〉݀ݓ଴ = 0 . (4.1)
Considering an exact closed-form expression for ݓ଴opt is currently unavailable, the author
demonstrates that the parameter can be alternatively solved using the numerical method. It
is shown accordingly in Figure 4.3(a) ݓ଴opt as a function of 2ߪ௣௘ ܦ⁄ at 〈ܴܵܰ〉 = 14 dB forߪோଶ = {0.25, 1.50, 9.00, 15.00, 20.00}; and the corresponding optimized 〈ܥ〉 are presented
in Figure 4.3(b). As expected from the results of Figure 4.1 (a), the FSO channel capacity
is less affected by the PE loss under the weak turbulence condition (ߪோଶ = 0.25), where 〈ܥ〉
is generally larger than 0.95 bits/channel use for all 2ߪ௣௘ ܦ⁄ . In addition, minor variations
in the ݓ଴opt values are observed, with values ranging from 4 cm to 10 cm. More specifically,ݓ଴opt exhibits very small steps of increment for 2ߪ௣௘ ܦ⁄ = 2.0 to 9.0 and decreases
thereafter, which is a vastly contrasting behaviour compared to the other turbulence cases.
For ߪோଶ = 1.50 , the decrease in 〈ܥ〉 is rather linearly proportional to 2ߪ௣௘ ܦ⁄ with a
maximum variation of ~0.25 bits/channel use; whereas ݓ଴opt shows a gradual but much
larger increase compared to ߪோଶ = 0.25, and subsequently exhibits a monotonic behaviour
for 2ߪ௣௘ ܦ⁄ ≥ 14.0. In addition, it is evident that 〈ܥ〉 becomes more susceptible to PEs
with increased turbulence strength. This phenomenon is particularly prevalent in the
stronger turbulence regimes with ߪோଶ = {9.00, 15.00, 20.00}, where a maximum variation
of more than 0.48 bits/channel use is noted. An interesting observation is made here,
showing that a larger ݓ଴opt is required under more severe PE losses of 2ߪ௣௘ ܦ⁄ ≥ 9.0, in
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which such incremental trend changes from a more linear to a near-exponential behavior
for larger ߪோଶ. In particular, when the effect of PEs is less prevalent with 2ߪ௣௘ ܦ⁄ ≤ 5.0,
(a)
(b)
Figure 4.3: The optimal (a) beam width and (b) average channel capacity against the
normalized jitter at 〈ܴܵܰ〉 = 14 dB , for various turbulence strengths of ߪோଶ =
{0.25, 1.50, 9.00, 15.00, 20.00}.
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ݓ଴opt is relatively smaller compared to the weaker turbulence cases. This can be explained
by the fact that stronger turbulence result in an increase in the effective beam radius, which
reduce the sensitivity to PE fluctuations, thereby giving a smaller ݓ଴opt.
4.5. Joint BeamWidth and Spatial Coherence Length Optimization
4.5.1. Performance Analysis
Figure 4.4(a) depicts the average channel capacity 〈ܥ〉 against the average electrical
SNR 〈ܴܵܰ〉 for a range of spatial coherence length ݈௖, under the weak turbulence condition
with ܥ௡ଶ = 3.1230 × 10-16 m-2 3⁄ (ߪோଶ = 0.25) at a link distance ܮ = 7.5 km. The variation of〈ܥ〉 with respect to ݈௖ at 〈ܴܵܰ〉 = 14 dB (corresponding to a bit-error-rate of ≈10-6) for
numerous ݓ଴ settings is shown in Figure 4.4(b). Unless otherwise specified, the default
values for other considered parameters in this section are as defined in Table 3.1 and Table
3.4. From Figure 4.4(a), it is evident that a higher channel capacity can be achieved with
PCBs of smaller ݈௖, particularly at larger SNR values, as compared to the case of coherent
laser beams, where 〈ܥ〉 < 0.1 bits/channel use albeit increasing the SNR. On the other
hand, it is observed from Figure 4.4(b) that for 〈ܴܵܰ〉 = 14 dB, 〈ܥ〉 exhibits a variation of
> 0.5 bits/channel use between the ݈௖ extremes, for all considered ݓ଴ values. In general,ݓ଴ does not have a significant impact on 〈ܥ〉 for ݈௖ ≤ 0.005 m, but causes performance
degradation by a factor of more than two for the coherent case.
Figure 4.5 shows the corresponding results for the moderate-to-strong turbulence
scenario (ߪோଶ = 9.00), which exhibits similar characteristics as that of the weak turbulence
case, with some variation highlighted as follows. It is noted in Figure 4.5(a) that the
increase in 〈ܥ〉 is rather linearly proportional to 〈ܴܵܰ〉 for all cases of ݈௖ ; and PCBs of
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(a)
(b)
Figure 4.4: Average channel capacity in terms of (a) the average electrical SNR for
different spatial coherence lengths; and (b) the spatial coherence length for a variety of
beam width settings, at 〈ܴܵܰ〉 = 14 dB. The weak turbulence case is considered, withߪோଶ = 0.25.
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(a)
(b)
Figure 4.5: Corresponding results showing the average channel capacity against (a) the
spatial coherence length, and (b) the beam width at 〈ܴܵܰ〉 = 14 dB, for the moderate-to-
strong turbulence case (ߪோଶ = 9.00).
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smaller ݈௖ are still desirable in the intermediate turbulence regime, which is evident from
the relatively higher capacity attainment for ݈௖ = {0.005, 0.010} m, particularly at larger
SNR values. In Figure 4.5(b), it is observed that the variation of 〈ܥ〉 with respect to ݈௖
exhibits similar characteristics as that of the weak turbulence case, but the maximum
variation in 〈ܥ〉 between the ݈௖ extremes decreases, with values ranging between 0.2 and
0.3 bits/channel use for all cases of ݓ଴.
Figure 4.6 illustrates the corresponding results for the strong turbulence case withܥ௡ଶ = 4.4974 × 10-14 m-2 3⁄ (ߪோଶ = 36.00 ), which exhibits a vastly contrasting behavior
compared to the weak and intermediate turbulence scenarios. It is noted in Figure 4.6(a)
that a large ݈௖ is preferred, but near-ideal 〈ܥ〉 can only be attained via a substantial increase
in the SNR. This shows the importance of using a coherent laser source with a high
transmit power to optimize the capacity. From Figure 4.6(b) (and other turbulence cases,
although not shown here), it is observed that the maximum variation in 〈ܥ〉 between the ݈௖
extremes decreases significantly for stronger turbulence. In addition, an optimal 〈ܥ〉 of
0.67 bits/channel use occurs for ݈௖ ≥ 0.04 m  and ݓ଴ ≥ 0.05 m  at 〈ܴܵܰ〉 of 14 dB . The
presented results justify the necessity for the joint optimization of ݓ଴ and ݈௖, to determine
the best achievable 〈ܥ〉 under most turbulence conditions that are likely to occur in
practice. For instance, through an exhaustive search over the discrete sets, the optimal
values of [ݓ଴; ݈௖]opt = [0.10; 0.0012] , [0.10; 0.0012] and [0.05; 0.0600] have been
determined, for the weak (ߪோଶ = 0.25), intermediate (ߪோଶ = 9.00) and strong (ߪோଶ = 36.00)
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(a)
(b)
Figure 4.6: Corresponding results showing the average channel capacity against (a) the
spatial coherence length, and (b) the beam width at 〈ܴܵܰ〉 = 14 dB, for the strong
turbulence case (ߪோଶ = 36.00).
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4.5.2. Optimization Metric
In addition to the joint optimization technique, an optimization metric is developed
to investigate the characteristics of the optimum beam divergence, with respect to the
changes in the atmospheric turbulence strengths and PEs. In principle, the beam spreading
gain as defined by:
ܣ఍opt = ݓ௭೐೜optݓ௭೐೜nom , (4.2)
provides a feasible translation of the joint optimal transmitter beam parameters [ݓ଴; ݈௖]opt
into an analogous level of divergence of the optical beam at the receiving-end, with
reference to the nominal coherent case of [ݓ଴; ݈௖]nom = [0.05; 0.10]. Figure 4.7 shows the
optimized 〈ܥ〉 as a function of ߪோଶ for 〈ܴܵܰ〉 = 14 dB. The effect of PEs, resembled by the
normalized jitter 2ߪ௣௘ ܦ⁄ , is examined for a variety of ܦ. The average channel capacity
for the cases of divergent and coherent beams with [ݓ଴; ݈௖] = [0.05; 0.01] and [0.05; 0.10],
respectively, and the ܣ఍opt values are indicated for 2ߪ௣௘ ܦ⁄ = 15.0. It is observed that near-
ideal 〈ܥ〉 can be approached for ߪோଶ ≤ 1.0, by reducing the degree of spatial coherence, thus 
resulting in ܣ఍opt > 20. In addition, the optimal 〈ܥ〉 and ܣ఍opt decrease for larger ߪோଶ, in which
similar behavior are observed for other 2ߪ௣௘ ܦ⁄ cases. This suggests that PCBs are
desirable in the weak-to-moderate turbulence regime, and reveals the need for adjusting ݓ଴
and ݈௖ to optimize the beam divergence by a factor of ܣ఍opt, thus maximizing 〈ܥ〉.
Coherent laser beams (with ܣ఍opt approaching 1.0) operating at a high transmit
power are more feasible under strong fluctuations conditions. The introduction of a larger
receiver aperture and joint optimization of ݓ଴ and ݈௖ enhances the capacity with〈ܥ〉 > 0.8 bits/channel use for 2ߪ௣௘ ܦ⁄ = {7.5, 6.0, 3.0} . In principle, increasing the
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receiver aperture mitigates the PE loss, as indicated by the reduction in 2ߪpe ܦ⁄ . It also
shifts the relative frequency content of the irradiance power spectrum towards lower
frequencies due to aperture averaging, essentially averaging out the fastest fluctuations,
thereby reduces the scintillation.
4.6. Summary
This chapter has presented joint investigation of the effects of spatially partially
coherent Gaussian laser beam and aperture averaging on the performance of FSO
communication systems from the information theory perspective, taking into account the
impairments resulting from atmospheric turbulence and PEs. Numerical results have
Figure 4.7: The optimal average channel capacity in terms of the Rytov variance, for
2ߪ௣௘ ܦ⁄ = {15.0, 7.5, 6.0, 3.0} at 〈ܴܵܰ〉 = 14 dB. The cases of [ݓ଴; ݈௖] = [0.05; 0.01]
(divergent) and [0.05; 0.10] (coherent), and the values for ܣ఍opt are depicted for
2ߪ௣௘ ܦ⁄ = 15.0.
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shown that the aperture-averaging effect potentially mitigates the turbulence-induced
scintillations and PE loss; and confirmed the interest of optimizing the beam width to
maximize the average channel capacity. Correspondingly, a theoretical beam width
optimization model has been developed, which takes advantage of a simple mathematical
solution to determine the optimum beam width of the PCB, for maximizing the FSO
channel capacity in the presence of turbulence and PEs. It has been demonstrated that the
parameter value can be obtained through the numerical method, since an exact closed-form
expression for the optimum beam width is unavailable. In particular, several appealing
observations have been made and reported for the first time through the proposed work,
showing that a larger optimum beam width is required under more severe PE losses in the
stronger turbulence regimes, in which such incremental trend changes from a more linear
to a near-exponential behaviour with increasing turbulence strengths. When the effect of
PEs is less prevalent, the optimum beam width is relatively smaller compared to the
weaker turbulence cases. Furthermore, it has been shown that the FSO channel capacity
can be increased by up to twofold, for a given jitter variance, through the combination of
an enlarged receiver aperture and the beam width optimization technique, particularly in
the moderate-to-strong turbulence regimes.
Next, a joint beam width and spatial coherence length optimization technique has
been proposed to maximize the average channel capacity in partially coherent FSO links
over atmospheric turbulence channels with PEs, while taking into account the aperture-
averaging effect. The beam spreading gain has been developed as a useful metric to
examine the characteristics of the optimum beam divergence, by providing a feasible
translation of the joint optimal beam parameters into an analogous level of divergence of
the resulting optical beam. It has been demonstrated that the PCBs are desirable in the
weak-to-moderate turbulence regime, which in turn revealed the importance of adjusting
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the beam width and spatial coherence length to optimize the beam divergence by a factor
of the beam spreading gain; whereas highly coherent laser beams are preferred under
strong fluctuations conditions, as can be observed from the notable reduction in the
proposed optimization metric. Therefore, optimal average channel capacity can be
achieved through the introduction of a larger receiver aperture and joint PCB optimization,
which effectively mitigates the scintillation effects and PE loss.
142
Experimental Demonstration of
the Effects of Aperture Averaging
and BeamWidth under Controlled
Turbulence Condition
5.1. Introduction
In-depth theoretical analysis and simulation studies presented in Chapters 3 and 4
have discussed and highlighted the importance of proper selection of the transmitter beam
width and receiver aperture size, as a feasible method in mitigating the degrading impacts
incurred by the atmospheric turbulent channel to optimize the achievable FSO channel
capacities. Correspondingly, an experimental work is carried out and presented in the
present chapter, in order to demonstrate the joint effects of aperture averaging and beam
width on the FSO communication system, taking into account the influence of turbulence-
induced scintillation effect (i.e., the presence of thermal gradient within the FSO channel).
While practical demonstration of the aperture-averaging phenomenon can be found in a
handful of relevant research work [71, 163-165], the proposed study reports here for the
CHAPTER
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first time the characterization of the combined effects of aperture averaging and beam
width for a Gaussian laser beam under laboratory-controlled turbulence conditions. In
particular, the probability density distributions of the received optical signal are generated
from the acquired data, in order to examine the extent of signal fluctuations resulting from
the reduction of the receiver aperture size and the increase of scintillation, for different
beam width settings. Taking into account numerous transmitter beam radius, turbulent
channel conditions and receiver aperture dimensions in the experiment, the subsequent
analysis reveals that the aperture-averaging factor exhibits a linear behaviour with respect
to the changes in the point-received scintillation index.
A comprehensive survey of the relevant research work pertaining to the practical
demonstration of the aperture-averaging effect is presented in Section 5.2, and the main
contributions of the proposed experimental study are justified accordingly in Section 5.3.
The experimental setup and the methodology and post-analysis required to carry out the
practical work are thoroughly elaborated in Sections 5.4 and 5.5, respectively; in which the
latter provides detailed explanation on the data acquisition process (in Section 5.5.1),
generation of the probability density distributions (in Section 5.5.2), prediction of the beam
width (in Section 5.5.3), and computation of the turbulence strength parameters (in Section
5.5.4). Next, Section 5.6 reviews the relevant model performance indicators to perform the
GOF test, which include the mean bias error, root mean square error, t-statistic, correlation
coefficient and coefficient of determination. The experimental results are presented and
discussed in Section 5.7, whereby the characteristics of the received optical signal resulting
from the variation of receiver aperture dimension, turbulence strength and beam width are
examined through the corresponding probability density distributions in Section 5.7.1. In
Section 5.7.2, the combined effects of aperture averaging and beam width are observed
through the aperture-averaging factor, in which it is demonstrated that the relationship
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between the aperture-averaging factor and point-received scintillation index can be
approximated by a first-order linear regression model. Furthermore, Section 5.7.3
evaluates the performance enhancement attainable with an aperture-averaged optical
receiver, in comparison to a finite point receiver. Finally, the key concluding remarks are
summarized in Section 5.8.
5.2. Background and Motivation
In [71], Churnside developed approximate expressions for the aperture-averaging
factor of optical scintillation for the weak and strong turbulence regimes, and then
performed a series of experiments to validate some of these relationships. Taking into
account a fixed beam width setting with a beam divergence of 1.2 mrad and an array of
receiver apertures with various dimensions, it was shown that these simple approximations
are within a factor of two of the measurements. While not all parameter regimes were
feasible in the experiments, the author demonstrated seemingly good agreement between
the predicted and measured values for spherical wave propagation through a weak
turbulence channel with small and large inner scales. Through comparison with the
experimental results, it is apparent that there is a mismatch with the strong turbulence
theory, and the data do not exhibit clear separation of scales as predicted by the asymptotic
theory; thus concluding that the latter scenario has not occurred at the turbulence level
during the experiment, which can be produced with extremely large apertures.
Perlot and Fritzsche [163] investigated the aperture averaging of optical scintillations
through the evaluation of irradiance flux statistics, which are extracted from a sequence of
pupil intensity pattern images captured with a charge-coupled device (CCD)-based camera.
In addition, the spatial and temporal behaviour of the optical intensities are observed in the
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presence of significant transverse wind and short link distances (<1 km), which can be
directly related to the “frozen turbulence” phenomenon. However, the experimental setup
and measurement techniques are subjected to various constraints and drawbacks, which in
turn restrict the choice of turbulence scenarios that can be investigated in the
corresponding study. For instance, the recording of scintillations by the CCD camera may
not be accurate under the influence of strong wind, mainly because the limited frame rate
of the low-noise camera cannot follow the fluctuations and time averaging that occurs over
the CCD integration time. Other factors that may severely distort the statistical evaluation
include: the size of the entrance pupil, the upper bound set on the intensity correlation
length, and the limitation in the quantization process of the CCD camera. Furthermore,
saturation of the intensity at the highest digital number of the imaging device corrupts the
scintillation index estimation; whereas the lack of resolution for intensity values near zero
causes much difficulty in the modelling of the PDF and prediction of the fade probabilities.
Based upon the presented scenarios, the intensity fluctuations and aperture averaging
factor derived from the experimental data agreed fairly well with those predicted by theory.
While a strong correlation between the temporal and spatial intensity covariance functions
has been observed in this work, the attempt of extending this space/time equivalence to the
second-order statistics of the aperture-averaged power remains unsuccessful.
Utilizing a slightly diverged 1550-nm Gaussian laser beam operating at a transmitted
optical power of ~22 dBm with a measured beam divergence of 0.46 mrad (at full angle),
Vetelino et al. [164] carried out field measurements to collect irradiance data
simultaneously using three receiving apertures of different sizes for investigating the
aperture-averaging effects. The path average values of important atmospheric parameters
were inferred from the measurements and scintillation theory, and then used to reproduce
the experimental data with numerical simulations and develop the parameters for the
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theoretical PDFs. Correspondingly, the irradiance fluctuations of the Gaussian beam wave
propagating through the atmosphere along a horizontal path, near the ground, in the
moderate-to-strong turbulence regime, were examined based upon the probability density
distributions for the three apertures at two different cases of the moderate and strong
turbulences. In addition, the probability density distributions of the measured irradiance are
compared with the simulated data and the theoretical lognormal and gamma-gamma
turbulence models. For this particular experimental setup, it was observed that the
spherical wave theory produces comparable results for the statistics of the optical laser
beam. In the moderate-to-strong fluctuation regime, the gamma-gamma PDF provides a
good fit to the irradiance fluctuations collected by finite-sized apertures that are
significantly smaller than the coherence radius; whereas the fluctuations appear to be
lognormal distributed for apertures larger than or equal to the coherence radius.
In [166, 167], the performance of FSO communication link is experimentally
investigated under the weak atmospheric turbulence conditions, by using a dedicated
indoor atmospheric chamber to generate and control the scintillation effect in the
laboratory. The viability and application of the laboratory atmospheric chamber in
emulating the turbulence scenarios on outdoor environment are examined and validated
through a series of methodologies, which include: (1) characterization and calibration of
the atmospheric chamber; (2) comparison of recorded measurements with respect to the
theoretical prediction, showing good match between these datasets; (3) demonstration of
methods to generate the turbulence and control its level; and (4) derivation of the relation
between the experimental environment and outdoor FSO link to ensure total reciprocity. In
this work, it was shown that the turbulence-induced scintillations severely affects the link
availability of FSO communication systems due to the sharp response of the BER
performance; and the analysis and demonstration presented a step forward to characterize
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the atmospheric channel in an indoor environment, which is by nature complex and
unpredictable. The developed laboratory atmospheric chamber has been used in numerous
relevant experimental studies, which reported the characterization and modelling of the
FSO communication channel [168, 169] and performance evaluation of the FSO system
[170-172] under the influence of different atmospheric conditions (e.g., fog, turbulence and
smoke).
As evident from the aforementioned field-based experimental studies, the
characterization and measurements involving the effects of atmospheric turbulence under
diverse weather conditions are indeed very challenging, mainly due to the long waiting
time to observe and experience reoccurrence of different atmospheric events, which may
possibly take weeks or months. In addition, the link alignment and adjustment and
prediction of numerous important system design and weather-dependent parameters are
much difficult to perform in actual field measurements, thereby limiting the variety and
range of variables that could be considered in the experiments.
5.3. Main Contributions of Research
Taking advantage of the dedicated laboratory atmospheric chamber and viability of
introducing more extensive methodologies with a wider scope of design consideration in
the indoor environment, the proposed study presents the joint investigation and practical
demonstration of the effects of aperture averaging and beam width on the FSO link under
laboratory-controlled atmospheric turbulence conditions. It should be noted that the phase
diffuser is not considered in this experimental work, mainly because the author would like
to observe and confirm the relationships between the transmitter beam width, receiver
aperture dimension and turbulence strength, which are characterized for the first time here.
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Correspondingly, the proposed study can be extended in a more progressive manner by
taking into account multiple variables in the experiments, which in turn requires more
sophisticated equipments, such as a variable phase diffuser and optical beam profiler.
Based upon a carefully designed experiment setup to reproduce the turbulence-
induced scintillation effects typically encountered in the FSO communication channel in
the outdoor environment, a series of experiments and data acquisition are performed in the
study. In particular, a range of receiver aperture dimensions, beam width settings and
turbulence strengths are considered. Correspondingly, the measurement data goes through
the post-analysis processes, which include: (1) generation of the probability density
distributions of the received optical signal; (2) estimation of the beam radius (i.e., spot size)
of the Gaussian laser beam; (3) calculation of the relevant turbulence strength parameters,
such as the refractive index structure parameter, Rytov variance and scintillation index;
and (4) validation of the empirical behaviour with respect to the theoretical or proposed
models through the GOF tests.
The aperture-averaging effect is examined and characterized through the probability
density distributions of the received optical signal, which are then compared with the
predicted lognormal and gamma-gamma turbulence models; showing relatively good
agreement between the observed density distributions and theoretical PDFs, as evident
from the GOF test statistics. In the presence of stronger turbulence scenarios, optical
fluctuations occur predominantly with decreasing receiver aperture sizes, resulting from
the diminishing effects of aperture averaging; which are indicated by larger values of
scintillation index and greater dispersion in the signal density distributions. In addition, a
smaller spot size of the optical laser beam leads to stronger fluctuations in the received
optical signal, mainly due to the aggravation of the turbulence-induced beam wander and
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scintillation effects; thereby substantiating the theoretical argument that partially coherent
Gaussian laser beam of larger beam width potentially mitigates the undesirable impacts of
the FSO channel.
Moreover, the aperture-averaging factor predicted from the measurement data
exhibits similar trend as the theoretical plane wave model with increasing scaled aperture
size, for all the considered beam width settings. Subsequent analysis reveals that the
relationship between the aperture averaging factor and point-received scintillation index
can be represented by a first-order linear regression model. The coefficients of the
regression model are determined through curve fitting technique, and used as appropriate
measures to observe and compare the variation in the behaviour by adjusting the aperture
size and beam width. The resulting GOF test statistics are presented to validate the
accuracy of the linear regression model in describing this empirical-based relationship.
Furthermore, a comparison of the measured Q-factor between an aperture-averaged
optical receiver and its corresponding finite point receiver show that performance
enhancement of manifold gain can be achieved with increasing scaled aperture size.
Therefore, the introduction of an enlarged receiver aperture improves the effective
collection of the received optical signal, and potentially mitigates the turbulence-induced
beam wander and scintillation effects.
5.4. Experiment Setup for Turbulence Channel
Figure 5.1 depicts the block diagram of the experimental setup for the proposed
study, with the relevant parameters summarized in Table 5.1. In accordance to the
theoretical treatments in the former chapters, the IM/DD and NRZ-OOK technique is
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considered in the system under study. Binary OOK bits at 1 Mbps are generated using the
Tektronix AFG3252C arbitrary function generator, and modulated onto the instantaneous
intensity of a Gaussian beam-wave emitted by an optical laser source operating at a
wavelength of 785 nm (i.e., near-infrared) with a 3 mW circular beam. The spot size ݓ଴ of
the optical laser beam can be varied by adjusting the aperture lens attached to the device.
The laboratory atmospheric chamber is constructed by cascading eight individual
compartments to give a dimension of 550 cm  30 cm  30 cm, in which each segment has
air vents (at the side and/or top) to allow air circulation. With the use of external fans, hot
and cold air are feed into the atmospheric chamber in the direction perpendicular to the
propagation path of the optical laser beam. This in turn creates temperature gradient within
the chamber for emulating the atmospheric turbulence typically encountered on outdoor
Figure 5.1: Block diagram of the experiment setup.
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FSO channel. The cold air is maintained at the room temperature ranging from 20 C to 25
C, whereas the hot air is controlled with the external heating source to vary the
temperature between 20 C and 90 C. Temperature sensors are placed throughout the
chamber to measure and record the instantaneous temperatures at different locations along
the length of the channel, which are vital measurements for estimating the relevant
atmospheric turbulence parameters. At the other end of the atmospheric chamber, a mirror
is used to reflect the optical laser beam back to the transmitter side, thereby extending the
link range to approximately 11 m, such that stronger turbulence scenarios can be produced
and observed in the experiment.
At the receiving-end, a beam splitter mirror [114] separates (typically by half) the
incident optical laser beam (at a 45 angle) into a transmitted beam and reflected beam at
Table 5.1: Parameters of the FSO transmitter and receiver in the experiment setup.
Parameter Value
Transmitter
Data source
Modulation format NRZ-OOK
Bit rate 1 Mbps
Laser diode
Peak wavelength 785 nm
Output power 3 mW
Beam profile Circular
Class 3B
Receiver
Optical lens
Diameter 40 mm
Focal length 100 mm
Iris Maximum diameter opening 40 mm
Photodetector
Module Thorlabs PDA10A-EC
Detector Silicon p-i-n
Spectral range of sensitivity 200 – 1100 nm
Active area 0.8 mm
2
Typical spectral sensitivity 0.45 A/W at 750 nm
Dark offset 10 mV
Transimpedance gain 5  103 V/A
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right angle; in which the former beam is received directly by a Thorlabs PDA10A-EC [173]
Si amplified photodetector (i.e., PD1). The reflected beam goes through the adjustable iris
opening, which defines the receiver aperture diameter ܦ; and then collected and focused
by the aperture lens before reaching the second photodetector (i.e., PD2) that is identical to
PD1. The electrical output of the photodetectors are viewed and captured using an Agilent
DSO9254A high-frequency digital oscilloscope, whereby complete post-analysis are
subsequently performed on these measurement data to obtain the relevant parameters.
5.5. Methodology and Post-Analysis
5.5.1. Data Acquisition
For a chosen beam width setting, measurements are performed and recorded to
obtain the amplitude distribution of the optical laser beam, in which the value of the beam
width can be estimated; and multiple data runs are carried out to ensure consistency in the
measurement data. For each data run, six turbulence conditions are produced, and the
received optical signals of both finite point-received and aperture-averaged paths for a
variety of receiver aperture diameter ܦ = {3, 6, 10, 15, 20, 30, 40} mm are captured for 20
datasets in each turbulence case. The raw measurement data then goes through a series of
post-processes using Matlab, which include data alignment, low-pass filtering, down-
sampling and bit thresholding, in order to recover the transmitted binary OOK-NRZ data.
These extensive measurements enable the calculation of the scintillation indices (ߪூଶ(ܦ)
and ߪூଶ(0) ) and aperture-averaging factor ܣ௚ and generation of the signal probability
density distributions with good accuracy. At 17 different locations throughout the
laboratory atmospheric chamber, temperature measurements are recorded simultaneously
with a time interval of 5 s during each data run to capture the temperature variations along
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the chamber; thus allowing the computation of the important turbulence-related parameters,
which include the refractive index structure parameter ܥ௡ଶ and Rytov variance ߪோଶ.
5.5.2. Generation of the Probability Density Distributions
The complete datasets acquired from the individual turbulence scenario for each data
run are taken into account in the generation of probability density distributions of the
aperture-averaged received optical signal (see part (a) of Figure 5.5 to Figure 5.8 and
Figure A.1 to Figure A.8 (in Appendix A)) and the natural logarithm of the corresponding
normalized signal (i.e., part (b) of the mentioned figures). To produce the signal density
distributions, the mean value is subtracted from the post-processed measurement data,
which are then categorized into their respective histogram bins with a fixed bin width of 5
mV; and the resulting probability densities are obtained by dividing the number of data
points in each bin by the bin width and the total number of data points. The natural
logarithm of the normalized optical intensities are calculated and sorted into their
respective histogram bins for obtaining the normalized log intensity PDFs. These PDFs are
used to observe and compare the characteristics of the received optical signal with respect
to the theoretical lognormal and gamma-gamma turbulence models, particularly in
capturing the behaviour in the tails of the PDFs. The bin sizes are varied for different cases
of ܦ , with values ranging between 0.025 and 0.25 due to the vastly widening of the
dispersion in the PDF for smaller values of ܦ , thereby eliminating the discrepancies
resulting from fluctuations in the density values and/or empty histogram bins. The mid-
point of the normalized log intensities are used as the corresponding log-intensity value for
the experimental probability density when plotting the PDF.
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5.5.3. Prediction of the BeamWidth
For a particular beam width setting, the optical intensities of the Gaussian laser beam
at numerous transversal distance points are measured and recorded preceding the first data
run, in order to obtain the amplitude profile of the optical beam. Based upon the theoretical
Gaussian-beam wave model, the experimental normalized beam intensities can be
determined; in which ݓ଴ (of the radial axis) is predicted at −ln[ܫ max(ܫ)⁄ ] = 1.0. In the
proposed experimental study, three beam width settings have been chosen and estimated asݓ଴ = {2.7731, 4.5174, 5.4609} mm, as depicted in Figure 5.2 to Figure 5.4, respectively.
5.5.4. Computation of the Turbulence Strength Parameters
Recall the discussion on optical turbulences in the atmospheric channel resulting in
the scintillation effects in Section 2.4.2.2, which highlights the adoption of the
Kolmogorov energy cascade theory in describing such phenomenon. The temperature
measurements recorded during each data run are taken into account in the estimation of the
temperature structure constant ܥଶ் by using (2.32), which is then substituted into (2.38) to
determine the refractive index structure parameter ܥ௡ଶ . Correspondingly, the Rytov
variance ߪோଶ can be obtained from (2.40). Based on (2.39), the measured received optical
signals are used in the calculation of the aperture-averaged and finite point-received
scintillation indices ߪூଶ(ܦ) and ߪூଶ(0) , which are required for finding the aperture-
averaging factor ܣ௚.
5.6. Model Performance Indicators
The GOF test encompasses a series of calculations to examine the discrepancies,
statistical significance and/or correlation between the experimental data and theoretical
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Figure 5.2: Normalized beam intensity as a function of the radial distance, in which the
predicted beam width of the Gaussian beam is ݓ଴ = 2.7731 mm.
Figure 5.3: Normalized beam intensity as a function of the radial distance, in which the
predicted beam width of the Gaussian beam is ݓ଴ = 4.5174 mm.
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models through various model performance indicators, which include: the mean bias error
(MBE), root mean square error (RMSE), t-statistic (ݐs), correlation coefficient (ܴ), and
coefficient of determination (R-square). TheMBE is defined through the relation [174]:
ܯܤܧ = 1ܰ෍(ݕ௜ − ݔ௜)ே௜ୀଵ ; (5.1)
where ݕ௜ denotes the ݅ th predicted value from the functional representation, ݔ௜ represents
the ݅ th observed value (i.e., experimental data), and ܰ indicates the total number of
observations. This performance metric provides information pertaining to the long-term
performance of the model under investigation, in which a positive value of the indicator
corresponds to the degree of overestimation in the theoretically predicted values, and vice
versa. In general, a smaller magnitude of MBE is desirable, implying that the overall
Figure 5.4: Normalized beam intensity as a function of the radial distance, in which the
predicted beam width of the Gaussian beam is ݓ଴ = 5.4609 mm.
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deviation of the theoretical and/or proposed model with respect to the measurement data is
less significant and that the model is applicable to the study. Another parameter of interest
is the RMSE given by [174]:
ܴܯܵܧ = ඩ1ܰ෍(ݕ௜ − ݔ௜)ଶே௜ୀଵ . (5.2)
In contrast to the MBE, the RMSE provides information pertaining to the short-term
performance of the functional representation, since the calculation involves a term-by-term
comparison of the actual deviation between the calculated and observed values. Similarly,
a smaller RMSE value indicates a better model performance. The separate use of the MBE
and RMSE in assessing the model performance may lead to incorrect findings, because it
may be possible to have a large RMSE value while simultaneously getting a significantly
smallerMBE value from the test, and vice versa.
Taking into account the inconvenience and possible inaccuracy of utilizing separate
statistical performance indicators to evaluate a model’s performance, the t-statistic ݐs has
been introduced by Stone in [175], which formulated a relation for the indicator by
incorporating theMBE and RMSE into the numerical expression as follows:
ݐs = ඨ (ܰ − 1)ܯܤܧଶܴܯܵܧଶ −ܯܤܧଶ . (5.3)
This statistical indicator takes into account the dispersion of the results, which is neglected
when the MBE and RMSE are considered separately. In addition, the t-statistic is a useful
indicator to measure the statistical significance of a model’s estimates at a particular
confidence interval. However, a critical value ݐc has to be identified from the standard
statistical table (e.g., ݐc ቀఈ೟ଶ ቁ at the ߙ௧ -level of significance, and (ܰ − 1) degrees of
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freedom (DF)) [176] as presented in Appendix B, in order to validate the statistical
significance of a model’s estimates. Therefore, it can be inferred that the model under
study is statistically significant at the (1 − ߙ௧) confidence level, when the calculated ݐ௦
value falls within the interval defined between −ݐc and ݐc (i.e., the acceptance region under
the reduced normal-distribution curve). On the contrary, the indicator with a calculated
value beyond the defined interval (i.e., the critical region) implies that the hypothesis,
which presumes the parameter selection has improved the model can be rejected.
The correlation coefficient measures the strength of the bivariate relationship
between the variables ݔ and ݕ based on the average of all distance products separating
individual data points from the two sample means, which are adjusted accordingly by
dividing the distances with their respective standard deviations to avoid scale distortions.
Taking into account the concurrent computation of the sample standard deviations, the
correlation coefficient ܴ can be determined through the relation [177]:
ܴ = ∑ ݔ௜ݕ௜ே௜ୀଵ − ܰ̅ݔݕതට(∑ ݔ௜ଶ − ܰ̅ݔଶே௜ୀଵ )(∑ ݕ௜ଶ − ܰݕതଶே௜ୀଵ ) ; (5.4)
where ݔҧ and ݕത denote the mean of the ܰ observed (i.e., actual measurement data) and
predicted (i.e., theoretical models) values, respectively. In principle, the correlation
coefficient ranges between -1 to 1; where ܴ > 0 indicates a positive linear relationship
between the ݔ and ݕ datasets, ܴ < 0 suggests a negative linear relationship (i.e., anti-
correlation), and ܴ values close to or equal to 0 implies no linear relationship between the
datasets. Furthermore, the coefficient of determination R-square is a useful indicator to
evaluate how successful the fit of a functional representation is in explaining the variation
of the measurement data, as defined by the equation as follows [178]:
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ܴ-square = 1 − ∑ (ݔ௜ − ݕ௜)ଶே௜ୀଵ∑ (ݔ௜ − ̅ݔ)ଶே௜ୀଵ . (5.5)
The calculated R-square value ranges from 0 to 1, in which a value closer to unity signifies
a better fit of the mathematical model to the observed values. For instance, an R-square
value of 0.8624 indicates that the fit is able to justify 86.24% of the total variation in the
data about the mean.
5.7. Experimental Results and Discussion
5.7.1. Probability Density Distributions of the Received Optical Signal
Figure 5.5(a) presents the probability density distributions of the received optical
signals encompassing both data bits ‘0’ and ‘1’, for ܦ = {40, 30, 20, 15, 10, 6, 3} mm andݓ଴ = 2.7731 mm , in the presence of a weak turbulence condition with ߪோଶ = 0.1738
(ܥ௡ଶ = 1.5272 × 10-11 m-2 3⁄ ). These histograms clearly depict the characteristics of the
received optical signals, showing the distinctive characteristics of the signal density
distributions for the cases of ܦ = {40, 30, 20} mm, in which the signal amplitude profiles
for both ‘0’ and ‘1’ bits are almost identical and equidistant on both sides of the zero mark.
Nevertheless, such distinctive features of the signal distributions diminish with decreasing
values of ܦ, as evident from the reduction in the separation distance between the respective
peaks towards the centre and a wider dispersion in the density distributions. These
observations are further substantiated by increasing values of ߪூଶ(ܦ) , varying from a
negligibly small value of 0.0042 (for ܦ = 40 mm) to a relatively large value of 0.4360 (forܦ = 3 mm). In particular, it can be seen that the signal profiles for bit ‘0’ becomes more
broadened and skewed with longer tails towards the positive direction, when ܦ is varied
from 15 mm to 3 mm; thereby inferring that the optical intensities resembling bit ‘0’ are
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more susceptible to the turbulence-induced scintillation and aperture-averaging effect, as
compared to bit ‘1’. In the limiting cases of ܦ = {6, 3} mm, it is noted that the signal
amplitude reduces significantly (with mean values ranging between ± 50 mV), mainly due
to the diminishing effects of aperture-averaging, thus resulting in the merging of the signal
profiles for bits ‘0’ and ‘1’ towards the zero mark. Consequently, the heavy signal
distortions incurred by the degrading impacts of turbulence and reduced aperture size make
these data bits indistinguishable from each other, inevitably causing an increase in the BER
due to the higher likelihood of detection error, particularly for the case of ܦ = 3 mm.
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Figure 5.5: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 2.7731 mm, with
turbulence at ߪோଶ = 0.1738 (ܥ௡ଶ = 1.5272 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical
models.
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The variations of the signal density distributions in terms of different considered
values of ܦ at ݓ଴ = 2.7731 mm, are examined for a stronger turbulence case of ߪோଶ =
0.5165 ( ܥ௡ଶ = 4.5382 × 10-11 m-2 3⁄ ), as illustrated in Figure 5.6(a). In general, the
broadening of the probability density distributions are more pronounced for all considered
values of ܦ , in comparison to the signal amplitude profiles depicted in Figure 5.5(a);
which corresponds to relatively larger ߪூଶ(ܦ) values, ranging from 0.0389 (for ܦ = 40 mm)
to 0.5000 (for ܦ = 3 mm). In addition, the separation distance between the peaks of the
signal profiles for bits ‘0’ and ‘1’ reduces rapidly with decreasing values of ܦ; in which
the merging of the respective distributions occurs for ܦ ≤ 15 mm, thereby causing the data
bits to be indistinguishable from one another and imposing penalty upon the error
performance. Under the worst case scenarios of ܦ = {6, 3} mm, the received optical
signals are mainly concentrated within the ± 20 mV and ± 10 mV regions, respectively;
implying that the use of small-size aperture lens does not effectively collect and focus the
received optical signals. Moreover, the small collection area of the receiver aperture is
unable to compensate for the fluctuations and jittering of the optical laser beam introduced
by the turbulence-induced beam wander and scintillation effects, particularly when a
narrow beam width is considered. The corresponding analysis has been extended to
investigate various turbulence cases of ߪோଶ = {0.1851, 0.2322, 0.2374, 0.3797}; in which
the probability density distributions of the received optical signal for a series of ܦ, and
comparisons of the normalized log irradiance PDF between the experimental data and
theoretical models are available in Appendix A.1.
The distribution of the normalized log intensity ln(ܫ) presents a viable alternative to
observe and compare the characteristics of the optical intensities, particularly in depicting
the behaviour in the tails of the PDFs resulting from fluctuations and jittering of the optical
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laser beam. Based upon the experimental data for generating the signal density
distributions in Figure 5.5(a) and Figure 5.6(a), the corresponding normalized log intensity
PDFs are produced and shown accordingly in Figure 5.5(b) and Figure 5.6(b) for the
turbulence cases of ߪோଶ = {0.1738, 0.5165}, respectively. In Figure 5.5(b), it is noted that
the experimental data for the considered values of ܦ = {40, 30, 20, 15} mm can be
described by the theoretical lognormal model with good accuracy; whereby optical
fluctuations are almost negligible for these cases, as evident from the relatively small
aperture-averaged scintillation indices of ߪூଶ(ܦ) = {0.0042, 0.0043, 0.0044, 0.0061}. The
changing patterns of the PDFs in Figure 5.5(b) reveal an inherent shifting of the mean
towards the negative direction (i.e., left) of the PDF with smaller ܦ values, and the
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Figure 5.6: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 2.7731 mm, with
turbulence at ߪோଶ = 0.5165 (ܥ௡ଶ = 4.5382 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical
models.
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broadening of the signal profiles (as highlighted in Figure 5.5(a)) is reflected accordingly
in the PDFs. In the presence of more severe optical fluctuations for the cases of ܦ =
{6, 3} mm, the negative tails of the PDFs are significantly elevated; in which such
behaviour is resembled by the gamma-gamma model with better accuracy, as compared to
the lognormal model. The comparisons made through these observations are further
validated through a series of GOF tests with results as presented in Table 5.2. The
correlation coefficient ܴ is generally in excess of 0.94 for all considered values of ܦ, and
the MBE approximate to zero with desirable RMSE ranging between 0.0694 and 0.5124;
thereby inferring a strong correlation with small discrepancies between the experimental
data and theoretical models albeit slightly underestimating the observations (as indicated
by negative values of the MBE). In addition, the resulting test statistics of the Student t-test
indicate that ݐs are confined within the acceptance region with their respective critical
values ݐc (defined for specific DF) provided in Table 5.2, which in turn suggests that the
theoretical lognormal and/or gamma-gamma models are able to represent the observations
Table 5.2: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of
receiver aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ =
2.7731 mm, at ߪோଶ = 0.1738.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -3.8832E-05 0.5124 42 2.0181 0.0003 0.9711
30 LN -1.9739E-05 0.4969 44 2.0154 0.0002 0.9720
20 LN -5.9444E-05 0.5318 42 2.0181 0.0005 0.9676
15 LN -2.3607E-05 0.0777 58 2.0017 0.0016 0.9992
10
LN -2.2032E-04 0.1021 46 2.0129 0.0103 0.9921
GG -1.3261E-04 0.0977 46 2.0129 0.0065 0.9933
6
LN -2.7974E-05 0.0780 93 1.9858 0.0025 0.9540
GG -3.5103E-06 0.0838 90 1.9867 0.0003 0.9537
3
LN -9.1700E-04 0.0495 96 1.9850 0.1283 0.9641
GG -6.8555E-04 0.0694 91 1.9864 0.0694 0.9416
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at the 0.05 significance level (i.e., 95% confidence level).
Figure 5.6(b) shows that the normalized log irradiance PDFs are generally more
broadened at ߪோଶ = 0.5165, as compared to the weak turbulence scenario of ߪோଶ = 0.1738
(in Figure 5.5(b)); and suffers a greater shift towards the left of the distributions with
decreasing values of ܦ. Moreover, the extent of the signal fluctuations for ܦ ≤ 15 mm can
be seen from the substantial elevation in the negative tails of the PDFs, which is
appropriately accounted by the gamma-gamma model, as evident from the GOF test
statistics in Table 5.3. While both the theoretical lognormal and gamma-gamma models
present strong correlation with ܴ > 0.94 and slight underestimation of the experimental
data with negative MBE values for all cases under study, the resulting test statistics reveal
a better fit of the latter model due to the relatively lower RMSE and ݐs values attained.
Table 5.3: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of
receiver aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ =
2.7731 mm, at ߪோଶ = 0.5165.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40
LN -4.7793E-04 0.1856 36 2.0281 0.0109 0.9747
GG -3.0760E-04 0.1744 35 2.0301 0.0075 0.9791
30
LN -4.2916E-04 0.1768 32 2.0369 0.0097 0.9803
GG -2.6936E-04 0.1665 32 2.0369 0.0065 0.9840
20
LN -5.3501E-04 0.2039 51 2.0076 0.0134 0.9427
GG -3.2677E-04 0.1891 51 2.0076 0.0088 0.9529
15
LN -3.8423E-04 0.0920 88 1.9873 0.0280 0.9449
GG -2.0988E-04 0.0956 86 1.9879 0.0147 0.9466
10
LN -3.4383E-04 0.0542 78 1.9908 0.0396 0.9529
GG -1.7582E-04 0.0535 76 1.9917 0.0205 0.9521
6
LN -1.0274E-04 0.0451 80 1.9901 0.0146 0.9719
GG -2.3774E-05 0.0302 81 1.9897 0.0050 0.9831
3
LN -1.1087E-04 0.0434 80 1.9901 0.0163 0.9731
GG -3.1569E-05 0.0342 80 1.9901 0.0342 0.9791
167
For a larger value of ݓ଴ = 4.5174 mm, the probability density distributions of the
received optical signals are presented in Figure 5.7(a), taking into account a variety of
receiver aperture dimensions and a turbulence scenario with ߪோଶ = 0.9359 ( ܥ௡ଶ =
8.2225 × 10
-11
m-2 3⁄ ). The signal density distributions of both data bits ‘0’ and ‘1’ exhibit
distinctive characteristics for the cases of ܦ ≥ 15 mm, in which the signal amplitude
profiles are near-identical (with mean values of ± 150 mV albeit showing slight reduction
with decreasing values of ܦ) and equally spaced on either sides of the zero mark. This
implies that the received optical intensities resembling bits ‘0’ and ‘1’ are less susceptible
to optical fluctuations and/or attenuation, as reflected by the extremely narrow opening of
the normalized log intensity PDF (see Figure 5.7(b)) and negligibly small ߪூଶ(ܦ) values,
ranging from 0.0038 (for ܦ = 40 mm) to 0.0051 (for ܦ = 15 mm); thus making these data
bits clearly distinguishable and resulting in minimum bit detection error. Nevertheless, the
broadening of the signal profile becomes pronounced with reduced aperture size of the
optical receiver, particularly for the cases of ܦ ≤ 10 mm; in which the distributions of bit
‘0’ exhibit more skewness with longer tails extending toward the positive direction, as
evident from the sharp increment in ߪூଶ(ܦ) = {0.0370, 0.1308, 0.2121} . While the
respective peaks of the density distributions of bits ‘0’ and ‘1’ remains perceptible for all
the observations in Figure 5.7(a), the merging of the signal distributions occurs mainly in
the regions near the zero mark for the cases of ܦ = {6, 3} mm. It is apparent that the
transmitted binary data are susceptible to severe signal distortion due to turbulence under
the diminishing aperture-averaging effect, and may not be properly recovered from the
weaker optical signals, thus imposing penalty upon the BER.
In the case of a strong turbulence with ߪோଶ = 1.3356 (ܥ௡ଶ = 1.1734 × 10-10 m-2 3⁄ ), the
distinctive pattern of the density distributions of data bits ‘0’ and ‘1’ (in Figure 5.8(a)) is
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observed for ܦ = {40, 30, 20} mm with negligibly small values ofߪூଶ(ܦ) = {0.0049, 0.0043, 0.0058} , which clearly depicts the near-identical and distant
separation (with mean amplitudes of ± 150 mV) of the respective signal profiles. The
occurrence of such distinct characteristics in the signal amplitude profiles can be explained
by the enhancement introduced by the aperture-averaging effect, which enables the
effective collection of the optical signal and promotes the mitigation of the scintillation and
beam wander. Under the diminishing effect of aperture averaging with decreasing values
of ܦ, the changing pattern of the histograms reveals that the signal distributions becomes
broadened and gradually merges towards the zero mark, particularly for ܦ ≤ 10 mm, while
the respective peaks of bits ‘0’ and ‘1’ still remains perceptible. The observed variations in
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m
(a) (b)
Figure 5.7: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 4.5174 mm, with
turbulence at ߪோଶ = 0.9359 (ܥ௡ଶ = 8.2225 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical
models.
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the signal amplitude profiles are in accordance to the rapid increase of ߪூଶ(ܦ) from 0.0346
(for ܦ = 15 mm ) to 0.3616 (for ܦ = 3 mm ). In comparison to the observations forݓ଴ = 2.7731 mm in Figure 5.5 and Figure 5.6 depicting more aggravated ߪூଶ(ܦ) values
and greater dispersion in the PDFs with reduced aperture size, it is demonstrated that larger
spot size of the optical laser beam is capable of mitigating the signal fluctuations and jitter-
induced PEs resulting from the scintillation and beam wander effects, particularly when
smaller geometries of the receiver aperture are considered in the system. The
corresponding experimental results encompassing the signal density distributions and
comparisons of the normalized log intensity PDFs with GOF test statistics are presented in
Appendix A.2, for other turbulence cases of ߪோଶ = {0.8323, 1.7114, 2.2139, 2.5616}.
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Figure 5.8: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 4.5174 mm, with
turbulence at ߪோଶ = 1.3356 (ܥ௡ଶ = 1.1734 × 10-10 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical
models.
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In the cases of ܦ ≥ 15 mm at ߪோଶ = 0.9359, the distinctive features observed in the
histograms of the received optical signals are reflected upon the extremely narrow opening
of the normalized log intensity PDFs in Figure 5.7(b). These observations present very
good agreement with the theoretical lognormal model applicable to the weak turbulence
conditions, as validated from the GOF test statistics provided in Table 5.4. It should be
noted that the relatively larger values of the RMSE for ܦ ≥ 15 mm (similarly observed in
Table 5.5 for ߪோଶ = 1.3356) can be explained by the concentration of majority of the
experimental data near the peak of the PDFs with density values approaching 1.0.
Nevertheless, the correlation coefficient of these cases with ܴ > 0.97 and negligibly small
values of MBE and ݐs = {0.0650, 0.0844, 0.0880, 0.0000} within the acceptance region (at
95% confidence level) of the hypothetical t-test confirms the close relationship between
the experimental data and theoretical model. Similar to previous observations made in
Figure 5.5(b) and Figure 5.6(b), the PDFs presents an inherent shift towards the left of the
Table 5.4: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of
receiver aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ =
4.5174 mm, at ߪோଶ = 0.9359.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -6.6740E-03 0.4356 36 2.0281 0.0650 0.9840
30 LN -1.2329E-02 0.6026 34 2.0322 0.0844 0.9721
20 LN -4.7295E-03 0.2344 38 2.0244 0.0880 0.9968
15 LN -1.5752E-06 0.3843 26 2.0555 0.0000 0.9821
10
LN -5.7783E-05 0.2926 32 2.0369 0.0008 0.9598
GG -2.6515E-05 0.2917 32 2.0369 0.0004 0.9613
6
LN -2.1154E-03 0.1292 93 1.9858 0.1146 0.9490
GG -1.7730E-03 0.1411 92 1.9861 0.0880 0.9396
3
LN -3.0065E-03 0.1204 106 1.9826 0.1869 0.9347
GG -2.7745E-03 0.1404 102 1.9835 0.1479 0.9111
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distributions with increasing values of ߪூଶ(ܦ); and the broadening of the signal amplitude
profiles are evident from a wider opening of the PDFs for the cases of ܦ ≤ 10 mm, in
which the experimental data reveal the elevation at the negative tails of the PDFs. For the
limiting cases of ܦ ≤ 10 mm, the corresponding GOF test statistics in Table 5.4 suggest a
strong correlation between the experimental data and theoretical models with ܴ values
varying between 0.9111 and 0.9613; and a better fit of the theoretical gamma-gamma
model with respect to the observations, as indicated by the relatively smaller values of the
MBE, RMSE and/or ݐs.
On the other hand, Figure 5.8(b) presents similar but more aggravated characteristics
in the normalized log intensity PDFs under the strong turbulence scenario with ߪோଶ =
1.3356; depicting a strong correlation (ܴ > 0.92) and small discrepancies (MBE ≈ 0)
between the observed and predicted data, as shown in Table 5.5. Under the diminishing
Table 5.5: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of
receiver aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ =
4.5174 mm, at ߪோଶ = 1.3356.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -7.2454E-03 0.3726 39 2.0227 0.0870 0.9924
30 LN -3.0289E-03 0.3787 44 2.0154 0.0375 0.9893
20 LN -3.0171E-04 0.1204 46 2.0129 0.0120 0.9983
15
LN -1.7741E-04 0.3778 45 2.0141 0.0023 0.9417
GG -1.0289E-04 0.3924 45 2.0141 0.0013 0.9354
10
LN -7.2028E-04 0.0983 141 1.9769 0.0626 0.9429
GG -4.8014E-04 0.1165 135 1.9777 0.0352 0.9239
6
LN -3.3257E-03 0.0659 121 1.9798 0.3945 0.9528
GG -3.2513E-03 0.0867 117 1.9804 0.2933 0.9240
3
LN -1.8229E-03 0.0631 123 1.9794 0.2277 0.9556
GG -1.6086E-03 0.0876 117 1.9804 0.1446 0.9218
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effect of aperture-averaging, the differing behaviour of the PDFs reveal a greater shift
towards the negative direction and more broadening in their respective distributions, with
significant elevation in the negative tails of the PDFs for ܦ ≤ 10 mm. The t-statistics
reveal a better fit of the theoretical gamma-gamma model at the 0.05 significance level, as
can be seen from the desirable MBE and RMSE results and relatively smaller values ofݐs = {0.0013, 0.0352, 0.2933, 0.1446} for ܦ ≤ 15 mm; thus confirming the accuracy of the
model in describing the optical fluctuations and beam jitter due to turbulence.
5.7.2. The Effects of Aperture Averaging and BeamWidth
In Figure 5.9, the characteristics of the aperture-averaging factor ܣ௚ as a function of
the scaled aperture size ݀ = ඥ݇ܦଶ 4ܮ⁄ is collectively examined and are compared for the
considered values of ݓ଴ = {2.7731, 4.5174, 5.4609} mm, with respect to the theoretical
plane wave model having an approximate formula defined by [11]:
ܣ௚ ≈ ቈ1 + 1.062ቆܦଶ݇
4ܮ ቇ቉ି଻ ଺⁄ . (5.6)
In general, the predicted values of ܣ௚ from the experimental data exhibits similar trend as
the theoretical plane wave model with increasing scaled aperture size, albeit fluctuating on
both the lower and upper sides of the theoretical estimation, for all the considered beam
width settings; thus demonstrating a fair agreement in terms of their changing patterns. The
extent of these observed variations accounting for different turbulence conditions are
defined by the boundaries of the error bars, with the corresponding mean values indicated
by their respective markers.
Figure 5.10 depicts the relationship between the aperture averaging factor ܣ௚ and
point-received scintillation index ߪூଶ(0) , taking into account various parameters
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encompassing the receiver aperture diameters of ܦ = {40, 30, 20, 15, 10} mm and beam
width setting of ݓ଴ = 2.7731 mm. The aperture-averaging factor exhibits a decreasing
trend for larger values of ߪூଶ(0), in which such empirical relationship can be described by a
first-order linear regression model with good accuracy, as defined by the relation:
Log
10
൫ܣ௚൯ = ܥଵLog10൫ߪூଶ(0)൯+ ܥ଴ . (5.7)
The coefficients (i.e., ܥ଴ and ܥଵ) of the linear regression model presented in Table 5.6 are
determined through the curve fitting technique, and used as appropriate measures to
observe and compare the variation in the respective behaviour by adjusting the receiver
aperture size and beam width. While near-identical characteristics are noted for the cases
of ܦ = {40, 30} mm, it is evident that such linear behaviour presents an inherent upward
Figure 5.9: The variation of the aperture-averaging factor in terms of scaled aperture size
for different beam width settings of ݓ଴ = {2.7731, 4.5174, 5.4609} mm, in comparison
with the theoretical plane wave model.
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shift for smaller values of ܦ = {15, 10} mm, as reflected upon the increasing values of ܥ଴
(i.e., intercept) from -2.3813 to -1.0275 and relatively constant values ofܥଵ = ൛-0.8991, -0.9003, -0.9043, -0.9119, -0.8943ൟ (i.e., slope) with negligibly small
deviations. The resulting GOF test statistics in Table 5.6 reveal that the first-order linear
regression model represents this empirical-based relationship with high accuracy for
Figure 5.10: Relationship between the aperture averaging factor and point-received
scintillation index, which can be described by a first-order linear regression model. The
considered parameters include ܦ = {40, 30, 20, 15, 10} mm and ݓ଴ = 2.7731 mm.
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ܦ ≥ 20 mm; in which such good agreement is validated by R-square values greater than
0.95, and very small discrepancies with RMSE = {0.0666, 0.0745, 0.0845}. Nevertheless,
the close relationship between the experimental data and first-order linear regression model
reduces with decreasing values of ܦ = {15, 10} mm, as evident from the decreasing R-
square = {0.7025, 0.4945} (implying a moderate fit of the regression model) and
increasing RMSE = {0.1961, 0.3354} (indicating a larger variation between the
experimental data and proposed model).
In the case of ݓ଴ = 4.5174 mm as shown in Figure 5.11, near-identical
characteristics are observed for the cases of ܦ = {40, 30} mm, as denoted by the relatively
constant regression coefficients of ܥ଴ = ൛-2.3949, -2.3908ൟ and ܥଵ = ൛-0.9184, -0.9164ൟ in
Table 5.7; in which the resulting GOF test statistics reveal a very good agreement of the
first-order linear regression model with R-square = {0.9513, 0.9353} and RMSE =
{0.0594, 0.0629}. For smaller values of ܦ ≤ 20 mm, the linear model is slightly elevated at
a fixed increment for all considered values of ߪூଶ(0); which is noted from the slight
Table 5.6: The coefficients of the first-order linear regression model for the various
considered receiver aperture diameter of ܦ = {40, 30, 20, 15, 10} mm and beam width
setting of ݓ଴ = 2.7731 mm. The resulting test statistics of the R-square and RMSE are
presented here, to evaluate the accuracy of the linear regression model in describing the
empirical-based relationship between the aperture-averaging factor and scintillation
index.
ࡰ (mm) Regression Coefficients R-square ࡾࡹࡿࡱ࡯૙ ࡯૚
40 -2.3813 -0.8991 0.9764 0.0666
30 -2.3698 -0.9003 0.9636 0.0745
20 -2.2763 -0.9043 0.9552 0.0845
15 -1.7751 -0.9119 0.7025 0.1961
10 -1.0275 -0.8943 0.4945 0.3354
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Figure 5.11: Relationship between the aperture averaging factor and point-received
scintillation index, which can be described by a first-order linear regression model. The
considered parameters include ܦ = {40, 30, 20, 15, 10} mm and ݓ଴ = 4.5174 mm.
Table 5.7: The coefficients of the first-order linear regression model for the various
considered receiver aperture diameter of ܦ = {40, 30, 20, 15, 10} mm and beam width
setting of ݓ଴ = 4.5174 mm. The resulting test statistics of the R-square and RMSE are
presented here, to evaluate the accuracy of the linear regression model in describing the
empirical-based relationship between the aperture-averaging factor and scintillation
index.
ࡰ (mm) Regression Coefficients R-square ࡾࡹࡿࡱ࡯૙ ࡯૚
40 -2.3949 -0.9184 0.9513 0.0594
30 -2.3908 -0.9164 0.9353 0.0629
20 -2.2397 -0.9319 0.7682 0.1480
15 -1.6851 -0.8993 0.4551 0.2942
10 -0.6832 -0.9257 0.6252 0.2044
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increase of ܥ଴ = -2.2397 and relatively constant value of ܥଵ = -0.9319, as compared to the
previous cases of ܦ. In particular, such linear relationship presents significant elevation for
the cases of ܦ = {15, 10} mm; as evident from the substantial increase in the regression
coefficients of ܥ଴ = ൛-1.6851, -0.6832ൟ and ܥଵ = ൛-0.8993, -0.9257ൟ , which is more
pronounced than the observations for ݓ଴ = 2.7731 mm. This implies that the diminishing
effects of aperture-averaging resulting from the use of aperture lens with smaller collecting
area impose greater fluctuations and jittering of the optical laser beam at the receiving-end
of the FSO system, which in turn corresponds to larger aperture-averaging factor, with
maximum approaching values seen at ߪூଶ(0) ≤ 0.25 for ܦ = 10 mm. While the relatively
larger values of RMSE = {0.1480, 0.2942, 0.2044} suggest greater deviations between the
experimental data and empirical model for ܦ ≤ 20 mm , the resulting R-square =
{0.7682, 0.4551, 0.6252} indicate a moderate fit of the linear regression model with respect
to the measurements.
In Figure 5.12, similar characteristics are observed for ܦ = {40, 30} mm withݓ଴ = 5.4609 mm, in comparison to the previous cases of ݓ଴ = {2.7731, 4.5174} mm;
whereby the relative constant regression coefficients are given by ܥ଴ = ൛-2.2292, -2.1029ൟ
and ܥଵ = ൛-1.0182, -1.0082ൟ . It is further noted that these coefficients (in Table 5.8)
exhibit incremental trends with decreasing values of ܦ; in which a larger intercept (ܥ଴) of
the regression model implies an inherent elevation in the observed linear relationship,
whereas a larger slope (ܥଵ) indicates a larger ܣ௚ for smaller ߪூଶ(0), and vice versa. In
general, the GOF test statistics reveal good agreement between the experimental data and
linear regression model for all cases of ܦ, with desirable R-square values ranging from
0.6776 to 0.9582 and RMSE varying between 0.0742 and 0.2470. Based upon the results
highlighted in Figure 5.10 to Figure 5.12, several appealing observations are made here. In
180
Figure 5.12: Relationship between the aperture averaging factor and point-received
scintillation index, which can be described by a first-order linear regression model. The
considered parameters include ܦ = {40, 30, 20, 15, 10} mm and ݓ଴ = 5.4609 mm.
Table 5.8: The coefficients of the first-order linear regression model for the various
considered receiver aperture diameter of ܦ = {40, 30, 20, 15, 10} mm and beam width
setting of ݓ଴ = 5.4609 mm. The resulting test statistics of the R-square and RMSE are
presented here, to evaluate the accuracy of the linear regression model in describing the
empirical-based relationship between the aperture-averaging factor and scintillation
index.
ࡰ (mm) Regression Coefficients R-square ࡾࡹࡿࡱ࡯૙ ࡯૚
40 -2.2292 -1.0182 0.9582 0.0742
30 -2.1029 -1.0082 0.7023 0.1704
20 -0.8659 -1.2254 0.6776 0.2470
15 -0.2447 -1.5583 0.8588 0.1931
10 0.0921 -1.6645 0.9368 0.1319
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the presence of turbulences within the FSO channel, the spot size of the optical laser beam
should be increased accordingly, while utilizing an enlarged receiver aperture, in order to
enable the effective collection of the optical signal and the mitigation of optical
fluctuations and beam jittering introduced by the scintillation and beam wander effects,
respectively. The proposed experimental study demonstrates the necessity of selecting
and/or adjusting appropriate transmitter beam radius and receiver aperture dimension, in
order to mitigate the undesirable channel effects under changing turbulence conditions of
the system under study; and hence justifies the importance of the optimization of relevant
system design parameters, as have been proposed and discussed in the former Chapter 3
and Chapter 4.
5.7.3. Performance Evaluation
Figure 5.13 examines and compares the performance enhancement that can be
achieved by an aperture-averaged optical receiver of different scaled aperture size ݀ with
respect to its corresponding finite point receiver, through the evaluation of the Q-factor
given by [179]:
ܳ = ܫଵ̅ − ܫ଴̅ߪଵ − ߪ଴ ; (5.8)
where ܫଵ̅ and ܫ଴̅ denote the average received optical signals resembling the data bits ‘1’ and
‘0’, and ߪଵ and ߪ଴ corresponds to the respective standard deviations. The considered
parameters include different turbulence strengths indicated by the Rytov variances ofߪோଶ = {0.1738, 0.1851, 0.5165} and ݓ଴ = 2.7731 mm . These observations suggest that
performance enhancement of manifold gain in excess of 10 order-of-magnitude can be
achieved by an aperture-averaged optical receiver with increasing scaled aperture size; in
which a maximum Q-factor of ~16 for ݀ > 6 is obtained, under a weak turbulence
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condition with ߪோଶ = 0.1738. Moreover, a maximum Q-factor of ~12 is achievable atߪோଶ = 0.1851, whereas a link improvement of < 6 order-of-magnitude can be attained for a
stronger turbulence case of ߪோଶ = 0.5165. In conclusion, the introduction of an enlarged
receiver aperture improves the effective collection of the received optical signal, and
potentially mitigates the fluctuations and jittering of the optical laser beam resulting from
the turbulence-induced beam wander and scintillation effects.
Figure 5.13: Comparison of the measured Q-factor against the scaled aperture size
between an aperture-averaged optical receiver and its corresponding finite point
receiver, taking into account different strength-of-turbulence withߪோଶ = {0.1738, 0.1851, 0.5165}. The considered beam size is ݓ଴ = 2.7731 mm.
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5.8. Summary
This chapter has presented the joint investigation and practical demonstration of the
effects of aperture averaging and beam width on the FSO link under laboratory-controlled
atmospheric turbulence conditions. The aperture-averaging effect has been examined and
characterized through the probability density distributions of the received optical signal,
and compared with respect to the theoretical lognormal and gamma-gamma turbulence
models. In particular, these histograms have presented several appealing observations in
the proposed experimental study, clearly depicting the distinctive characteristics of the
signal density distributions for enlarged receiver apertures under weak turbulence
conditions. In the presence of stronger turbulence scenarios, it has been shown that optical
fluctuations occur predominantly with decreasing receiver aperture sizes. The
corresponding study has demonstrated that a smaller spot size of the optical laser beam
leads to stronger fluctuations and jitter-induced PEs in the received optical signal, resulting
from the aggravation of the beam wander and scintillation effects; which in turn
substantiated the theoretical argument that partially coherent Gaussian laser beam of larger
beam width potentially mitigates the undesirable impacts of the FSO channel. In addition,
the distribution of the normalized log intensity have been considered here, in order to
observe and compare the characteristics of the optical intensities, particularly in capturing
the behaviour in the tails of the PDFs resulting from fluctuations and jittering of the optical
laser beam. It has been observed that the changing patterns of the PDFs reveal an inherent
shifting of the mean towards the negative direction of the PDF with smaller receiver
aperture size, and the broadening of the signal amplitude profiles is reflected accordingly
in the PDFs. In the presence of more severe optical fluctuations, the negative tails of the
PDFs are significantly elevated; in which such behaviour is resembled by the theoretical
gamma-gamma turbulence model with better accuracy.
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The characteristics of the aperture-averaging factor as a function of the scaled
aperture size have been collectively examined and compared for different beam width
settings; demonstrating similar trend as the theoretical plane wave model, albeit fluctuating
on both the lower and upper sides of the theoretical estimation. Through extensive analysis
of the experimental data, it has been shown that the aperture-averaging factor exhibits a
decreasing trend for larger values of point-received scintillation index; in which this
empirical-based relationship can be represented by a first-order linear regression model
with good accuracy. The coefficients of the regression model have been determined
through curve fitting technique, and used as appropriate measures to observe and compare
the variation in the linear behaviour by adjusting the aperture size and beam width. It is
evident that such linear behaviour presents an inherent upward shift with reducing aperture
dimension, which is particularly pronounced for larger beam widths, thereby inferring that
the use of optical laser source with increased beam spot size must be accompanied with an
enlarged receiver aperture. Furthermore, a comparison of the measured Q-factor between
an aperture-averaged optical receiver and its corresponding finite point receiver has shown
that manifold gain in the link performance can be achieved with increasing scaled aperture
size. These findings confirm that the introduction of an enlarged receiver aperture
enhances the effective collection of the received optical signal and potentially mitigates the
turbulence-induced beam wander and scintillation effects. In conclusion, the proposed
experimental study have demonstrated the necessity of selecting and/or adjusting
appropriate transmitter beam radius and receiver aperture dimension, in order to mitigate
the undesirable channel effects under changing turbulence conditions. Correspondingly,
the outcome of the proposed experimental study justifies the importance of the
optimization of relevant system design parameters, as have been proposed and discussed in
Chapters 3 and 4.
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Hybrid FSO/RF
Communication Systems
6.1. Introduction
FSO communications remains as one of the least deployed broadband technologies,
albeit its tremendous potential in resolving the “last mile” issues, due to its capability of
achieving near-optimal capacity comparable to fibre-optic cabling with a minimal cost and
time of deployment [81]. In accordance to the extensive background studies and
performance analysis presented in Chapters 2 and 3, respectively, it is well-understood that
the widespread deployment of the FSO technology is severely hampered by the adverse
effects of beam extinction and scintillation due to unpredictable weather conditions (such
as fog, haze, smog, etc.) and the atmospheric turbulence (caused by the refractive index
fluctuations due to the presence of thermal gradients in the atmosphere), respectively.
These natural phenomena inevitably result in a significant optical power attenuation and
CHAPTER
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link distance reduction, thus falling short of the desired carrier-grade availability of
99.999%. In particular, Kim and Korevaar [27] reported that the atmospheric attenuation of
laser power is a random function of the weather, which can vary from 0.2 dB/km in
exceptionally clear weather (i.e., 50 km visibility) to 350 dB/km in very dense fog (i.e., 50
m visibility); and evaluated the degrading impacts on the link range and availability for
both enterprise- and carrier-class FSO systems through link budget analysis and historical
weather data. Consequently, this has motivated numerous research efforts particularly in
the most recent decade to design and implement a more superior hybrid FSO/RF
communication system, which takes advantage of the media diversity technique by
integrating a lower data-rate RF channel in conjunction with the FSO channel [82-85, 180].
With the enhanced duality feature to switch between the two technology options, this
approach potentially combats the deterioration of signal quality and link outages, by
sustaining minimum data communication through the complementary RF link, for the
period when the primary FSO link is unavailable due to the adverse atmospheric conditions.
This chapter first presents an extensive literature survey on the relevant research
works pertaining to hybrid FSO/RF communication systems in Section 6.2; which
addresses the most recent advances in technology and methodologies and performance
evaluation involving the switching and data transmission between the two available
technology options. In Section 6.3, the system and channel models pertaining to the hybrid
FSO/RF systems are described; whereas a specific case study on the application of hybrid
systems for next generation Metrozones is investigated in Section 6.4. In the latter, the
background studies, rationale, network architecture and main contributions of the proposed
work with regards to the green Metrozones concept are clearly highlighted. In addition, a
detailed explanation on the proposed H-BTS system architecture design is provided, in
which the BAS control protocol and resource prioritization algorithm for enabling the
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SWoD mechanism, cooperative inter-cell support and prioritized switching in the hybrid
backhaul links will be discussed here. Numerical results from the feasibility studies,
encompassing the BTS daily traffic profile simulation and outage analysis of the hybrid
FSO/RF systems are highlighted and justified accordingly in Section 6.5. Finally,
concluding remarks are presented in Section 6.6.
6.2. Review of Literature
Relevant research studies [27, 52-57] from the most recent decade revealed that
media diversity scheme presents a more viable and effective mitigation technique under
extreme weather conditions. The most prominent alternative utilizes a complementary RF
link operating at a lower data rate, to extend the link range while maintaining desired
availability when the primary FSO system suffers temporary signal degradation or
complete system annihilation due to the adverse weather effects. The rationale pertaining
to the development of such hybrid FSO/RF systems is based upon theoretical and
experimental validations [27, 53], which reflect the symbiotic relationship between these
technology options in complementing one another’s weaknesses. This is mainly because
fog and rain drastically affect the FSO and RF links, respectively, but only insignificantly
vice versa, and rarely occur simultaneously.
From an information theoretic point-of-view, the hybrid FSO/RF system under
consideration can be conceptualized as a system architecture having a pair of independent,
non-ergodic channels with random states, as depicted in Figure 6.1 [181]. In this system, a
source (such as audio, video, or speech) is transmitted through the parallel fluctuating
channels so as to minimize the average distortion. Based on the generalized system
architecture as illustrated in Figure 6.1, an encoder must map a source sequence s into a
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pair of channel inputs x1 and x2 without knowing the channel states a1 and a2 , while a
decoder is required at the receiving-end to map the channel outputs along with knowledge
of the channel states into an estimate of the source ŝ. In principle, the two most common
approaches to code over multiple parallel channels involve exploiting diversity in the
source coding and channel coding regimes (Figure 6.2), respectively, in which the latter
technique is widely studied in the context of hybrid FSO/RF systems. In the channel
coding diversity system (Figure 6.2(a)), s is encoded into ŝ by a single description (SD)
source encoder, which is subsequently encoded into (x1, x2) by the channel encoder and
Figure 6.1: Conceptual illustration of a parallel diversity system architecture having a pair
of independent, non-ergodic channels with random states [181].
(a)
(b)
Figure 6.2: (a) Channel coding diversity; and (b) source coding diversity [181].
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transmitted across a parallel channel. On the other hand, the source coding diversity system
(Figure 6.2(b)) encodes s into ŝ1 and ŝ2 by a multiple description (MD) source encoder,
where the corresponding ŝi (for i = 1, 2) is then separately encoded into xi by a channel
encoder and transmitted across the appropriate channel. For channel coding diversity, the
capability of the receiver in producing reliable error-free recovery of s is dependent on the
overall channel quality, thus implying that the encoded source can be reconstructed with
significant reliability as long as the total channel quality is high enough (even if one of the
channels is bad) to support the transmission rate. On the contrary, source coding diversity
relies upon the quality of individual contributing channels to produce accurate signal
estimation at the receiver, in which either scenario may result in: (1) low-fidelity source
reconstruction if one description can be recovered from either channel (i.e., the remaining
description is unrecoverable due to bad channel quality); or (2) high-fidelity source
reconstruction if both descriptions are successfully decoded from the contributing channels
with desirable channel quality.
A commercial hybrid FSO/RF system was introduced by AirFiber Inc. in a
Whitepaper [53] by Bloom and Hartley. The proposed hybrid solution integrates FSO and
60 GHz millimetre wave (MMW) technologies to mutually mitigate each other’s weakness,
in order to provide a true carrier grade (99.999%) wireless, redundant, unlicensed system
capable of ranges greater than 1 km in all weather conditions. A redundant link controller
(RLC) was designed to optimize the hybrid implementation through its seamless handover
capability between technology options and correction for temporary blockages, thereby
sustaining zero bit error under worst-case scenario of rapid switching between propagation
links due to changing weather conditions or presence of obstructions on either path. The
RLC maintains data integrity on a frame-by-frame basis by observing both FSO and
MMW paths using cyclic redundancy check (CRC), and subsequently forwards the
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matching frame via the desired channel to the receiving-end. Since the frames are
pipelined, there is absolutely no bit loss or delay incurred upon the system. Measurements
data acquired from multiple FSO-only systems and the hybrid FSO/RF solution showed
that the former experienced severe link interruption due to fog while the latter performed
flawlessly with BER of 10
-9
at 800 m, switching seamlessly between FSO and MMW
under varying atmospheric conditions.
Subsequently, Vangala and Pishro-Nik [56] highlighted more research challenges
pertaining to media diversity schemes, which include: (1) inefficient utilization of
bandwidth and wastage of channel resources due to duplication of the message on both
FSO and RF channels; (2) greater circuit and system complexity, increased design cost and
synchronization issues due to the need for multiple encoders and decoders; and (3) the
requirement for adaptation of codes to the varying channel conditions on both the links and
efficient data transmission mechanism for optimal channel utilization. Hence, the authors
proposed a coding paradigm based on non-uniform (multi-channel) rate-compatible
punctured low-density parity-check (LDPC) codes, which employs a single encoder and
decoder that can vary the code-rate based on the channel conditions, in order to optimize
the capacity of the combined FSO and RF channels while maintaining carrier-grade
reliabilities. The non-uniformity of the code is very effective in dealing with the bursty
nature of the channels, while rate-adaptation provides efficient utilization of the time-
varying channels. However, the proposed coding scheme relies upon the knowledge of the
instantaneous channel conditions at the transmitter for proper adjustment of the percentage
of punctured nodes, which in turn define code rates for FSO and RF transmission.
Analytical and simulation results indicated that the proposed channel code can provide
significant BER improvement by several orders of magnitude, and optimize the throughput
due to the increase in channel availability.
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Similarly, Tapse and Borah [55] have considered hybrid communication systems
comprising parallel FSO and RF links for LDPC-coded data transmission, in which the
former is employed as the primary channel due to its much higher data carrying capacity,
while only a small fraction of the data is diverted through the latter. Characterization of the
hybrid channel justified that the proposed solution can minimize the optical link’s
threshold and produce a significant gain in the channel capacity, thereby extending the
scope of operation of the FSO-only systems over a wider range of adverse atmospheric
conditions. It is evident that the channel capacity can be nearly doubled in the low optical
SNR region by just using the RF link only 5% of the time. Furthermore, the authors
presented a detailed convergence study based on the density evolution strategy and
Gaussian approximation technique, which is then applied to derive the conditions for
convergence of the message passing algorithm in terms of minimum data carrying rate
through the RF link. The authors suggested that the proposed hybrid FSO/RF link can
provide more flexibility in RF spectrum allocation and utilization by replacing certain RF-
only links, and can be extended and applied to other hybrid channels, such as wireline/FSO
links and acoustic/RF links in underwater channels.
In [54], He and Schober introduced a robust coding scheme for hybrid FSO/RF
channels in the absence of CSI at the transmitter; and showed that greater robustness to the
weather impairments and fading phenomena can be obtained with joint bit-interleaved
coded modulation of the bit steams transmitted over the FSO and RF sub-channels. An
asymptotic performance analysis has been carried out in this work, which in turn revealed
that properly designed convolutional codes and assignment patterns can exploit the
diversity offered by the independent sub-channels. In addition, an efficient search
procedure for the corresponding convolutional codes and assignment patterns has been
developed; in which an upper bound for the code rate of the proposed hybrid system has
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been derived, to guarantee the existence of codes achieving full diversity. Furthermore, the
optimal power assignment criteria has been provided for the cases of maximum RF and/or
limiting FSO transmit power, which demonstrated that the RF link can be beneficial even
if the maximum RF transmit power is limited. Taking into account typical system and
channel parameters, the corresponding frame error rate and cut-off rate results confirmed
the excellent performance of the proposed hybrid FSO/RF scheme for various weather
conditions, outperforming previously proposed methods employing simple repetition code
and selection diversity.
Then, Zhang et al. [57] developed a soft-switching scheme for hybrid FSO/RF links
using short-length Raptor codes, unlike earlier works which considered the less efficient
selection or hard-switching method and LDPC or bit-wise Raptor coding. In this approach,
Raptor encoded packets are sent simultaneously through FSO and RF links, such that the
encoder does not require knowledge of CSI and the code-rate between both links are
adapted automatically based on the weather conditions but with very limited channel
feedback. In particular, novel degree distributions for short-length Raptor codes are
designed to implement FSO links at high data rates and a low decoding cost. In addition,
the overhead inherent in sending the interconnection information of each packet is
considered explicitly, rather than assuming that the transmitter and receiver have
synchronized random generators. Furthermore, the authors demonstrated the practicality of
soft-switching in hybrid FSO/RF links through the hardware implementation of a Raptor
encoder and decoder using a field-programmable gate array (FPGA). The hardware
implementation is capable of achieving a 714 Mbps data throughput with a 97 mW power
consumption and 26360 gate circuit scale. This enables the Raptor encoder/decoder
hardware to be deployed in existing hybrid systems with much convenience at an
affordable extra cost. The performance of the switching algorithms in hybrid FSO/RF links
193
and achievable rate improvement over hard-switching systems are investigated via
simulation; taking into account parameters of a 1 Gbps FSO link and a 96 Mbps
Worldwide Interoperability for Microwave Access (WiMAX) RF link, and realistic
channel model based on the 2007 climate data of three Canadian cities. Simulation results
revealed that the short-length Raptor codes are capable of achieving average data rates in
excess of 430 Mbps at a transmission distance of 2 km, as compared to the hard-switching
method with an achievable data rate of 109 Mbps. Therefore, the authors concluded that
the soft-switching hybrid FSO/RF links based on short-length Raptor codes are both
practical and efficient in coordinating the concurrent utilization of these channels.
In [182], Letzepis et al. proposed a hybrid FSO/RF channel model based on parallel
block fading channels [161], by incorporating the differences in signalling rates and
atmospheric fading effects present in the FSO and RF links; and examined the fundamental
limits of the hybrid channel from an information theoretic perspective. First, the outage
probability in the large SNR regime is analyzed for the case when CSI is only available at
the receiver, in order to obtain the SNR exponent or outage diversity of the hybrid system
for general scintillation distributions. Since the exponent is unavailable in closed form for
this case, the authors derived simple expressions from which it can be computed
numerically. Then, by using the special case when transmission consists of single FSO and
RF blocks, the closed form expression for the SNR exponent in terms of each component
channel’s SNR exponent, the ratio of component channel bits to total bits, and the overall
binary code rate of the system are further obtained. It has been shown that the highest
outage diversity is attainable, given that the hybrid binary code rate is set smaller than the
minimum of the two component channel’s maximum binary code rates. On the other hand,
the SNR exponent is dominated by the worst of the two component channel’s SNR
exponents, if the hybrid binary code rate is set larger than the maximum of the two
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component channel’s maximum binary code rates. Furthermore, the authors considered the
case when perfect CSI is known at both the transmitter and receiver, in which the optimal
power allocation strategy that minimizes the outage probability is developed, subject to
peak and average power constraints. The proposed solution reduces to a non-convex
optimization problem, due to the power scaling of the FSO channel; and hence, a sub-
optimal power allocation strategy is proposed, which is much simpler to implement and
has the same SNR exponent as the optimal power allocation. It has been proven that the
sub-optimal solution achieves significant power savings (on the order of tens of dBs), as
compared to uniform power allocation; and has the same SNR exponent as optimal power
allocation.
In [52], AbdulHussein et al. proposed the application of a rateless coded automatic
repeat request scheme for hybrid FSO/RF communication systems, with distinct features as
follows: (a) enables the realization of the potential advantages due to parallel FSO and RF
channels without the need for redesign or reconfiguration of the transmitter-side coding or
modulation, and (b) adapts seamlessly to the changes in rate supported by the channel. The
authors established the pertinent modulation-constrained information-theoretic limits for
the hybrid FSO/RF channel, and demonstrated via simulation that a single moderate-length
Raptor code design potentially achieves realized rates approaching these limits under a
wide range of channel conditions. It has been shown that the adjustment of code rate prior
to transmission will lead to rate loss and codeword outage depending on the rate of channel
fluctuation; and concluded that the proposed rateless coding approach with rate adaptation
capabilities at the transmitter provides performance advantages over fixed-rate coding
schemes [56] for hybrid FSO/RF systems in conditions of strong atmospheric turbulence.
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While the relevant literatures have presented in-depth theoretical analysis on the
performance of hybrid FSO/RF communication systems from the information theory
perspective, there has been a lack of work emphasizing on the design, analysis and
optimization of the soft-switching mechanism for the hybrid system. In addition, it is
necessary to take into account critical system design considerations, such as real-time data
traffic demand and fluctuating channel quality of the parallel links due to varying weather
conditions. Furthermore, none of the literatures have examined the feasibility of
introducing the FSO communications to complement the RF technology in the existing
macro-cellular networks, as a high-speed and efficient wireless backhauling solution under
the combined influences of network load and weather effects. The deployment of hybrid
FSO/RF backhaul links in wireless broadband networks is poised to address two key
conflicting challenges currently faced by network operators: (1) the exponential surge in
mobile data traffic volumes in the recent decade, resulting in severe bandwidth capacity
crunch and wireless traffic bottleneck; and (2) the non-negligible presence of power-
hungry BTSs and the mushrooming of APs, directly contributing to the enormous power
consumption and significant carbon emissions.
6.3. System Description
6.3.1. System Model
Figure 6.3 presents the block diagram of a point-to-point hybrid FSO/RF system,
highlighting the most fundamental link built-up for the system under study without the
introduction of hard- and/or soft-switching mechanisms. It can be conceptually described
as a system architecture having a pair of independent, non-ergodic channels with random
states [181], in which a source s (audio, video, or speech) is transmitted through the
parallel fluctuating channels. In the absence of source encoding (i.e., s =m1 =m2 ), a
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channel encoder is required to encode the original information m1 (respectively, m2) into a
codeword c1 (resp., c2 ) without knowing the channel state ܽ1 (resp., ܽ2 ). The encoded
signal goes through the modulation process to produce x1 (resp., x2) and then propagates
through free-space. On the other hand, a channel decoder is employed at the receiving-end
along with knowledge of the channel state to produce an estimate of the source mෝ 1 (resp.,
mෝ 2) from the demodulated codeword cො1 (resp., cො2).
In principle, the channel model for the proposed hybrid FSO/RF system can be
described as a combination of two individual LOS FSO and RF channels. It is assumed
that both FSO and RF sub-systems are single-input single-output (SISO) systems. The FSO
channel is analytically described using the combined optical slow-fading channel model as
discussed in Section 2.4.4, and the relevant parameters are provided in Table 3.1. The RF
channel model is presented in Section 6.3.2 as follows, in which the relevant RF link
design parameters and weather-dependent indicators are shown accordingly in Table 6.1.
6.3.2. RF Channel Model
The large bandwidth availability of the unlicensed 60 GHz MMW spectrum has
attracted a vast variety of wireless applications and services with the potential of high data
throughputs, albeit hampered by the adverse atmospheric channel effects [183, 184] and
Figure 6.3: Block diagram of a point-to-point hybrid FSO/RF system.
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transceiver hardware limitations [185, 186]. These include mobile broadband and cellular
systems, wireless backhaul networks, fixed wireless access, wireless local area networks,
ubiquitous personal communication networks, portable multimedia streaming and
vehicular networks [183, 184]. The 60 GHz communications is highly susceptible to the
atmospheric attenuation, in which the classical Friis free-space path loss formula suggests
that this channel effect can potentially result in a 20-40 dB power penalty, as compared to
unlicensed communication at operating frequencies below 6 GHz [184]. In addition, the
MMW signal suffers from atmospheric absorption due to rain drops, water vapour and
oxygen, which depends on the atmospheric conditions such as pressure, temperature and
density; accounting for an additional 7-15.5 dB/km power loss in the received signal [183].
The MMW signal attenuation can be further aggravated by the presence of rain droplets,
particularly when the atmosphere becomes saturated, in which different empirical models
predict additional atmospheric attenuation between 8-18 dB/km for a given rainfall rate of
50 mm/hour [183].
Table 6.1: The RF link design parameters and weather-dependent indicators.
RF System
Parameter Symbol Typical Value
Carrier frequency f
c
60 GHz
Transmitted RF power PRF 10 mW
Bandwidth B 250 MHz
Transmit antenna gain GTx 44 dBi
Receive antenna gain GRx 44 dBi
Attenuation (due to oxygen) aoxy 15.1 dB/km
Noise power spectral density N0 -114 dBm/MHz
Receiver noise figure NF 5 dB
Weather-Dependent Parameters of the Hybrid FSO/RF System
Weather Conditions V (km) arain (dB/km) Cn
2 (m
-2/3
)
Light fog 0.642 0.0 2.0 × 10
-15
Moderate rain (12.5 mm/h) 2.80 5.6 5.0 × 10
-15
Heavy rain (25 mm/h) 1.90 10.2 4.0 × 10
-15
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A point-to-point RF link operating at an unlicensed carrier frequency of 60 GHz with
direct digital modulation using the quadrature amplitude modulation (QAM) technique
[185, 186], as illustrated in Figure 6.4, is considered as a complementary link to the FSO
channel.
The received signal of the RF channel is given by [54]:ݕଶ = ඥܲୖ ୊ඥ݃ୖ୊ℎଶݔଶ + ݊௢,RF , (6.1)
where ܲୖ ୊ is the RF transmit power, ݃ୖ୊ is the average power gain of the RF link, ℎଶ is the
RF fading gain, ݔଶ is the modulated RF signal, and ݊௢,RF is the complex AWGN with
variance ߪ௡,RFଶ .
The effective gain of the RF system ݃ୖ୊ can be modelled as [187]:
݃ୖ୊[dB] = ܩ୘୶ + ܩୖ୶ − 20logଵ଴ ൬4ߨܮߣଶ ൰ − ܽ୭୶୷ܮ − ܽ୰ୟ୧୬ܮ , (6.2)
where ܩ୘୶ and ܩୖ୶ represent the transmit and receive antenna gains (in dB), respectively,ߣଶ denotes the wavelength of the RF system, and ܽ୭୶୷ and ܽ୰ୟ୧୬ resemble the attenuations
due to oxygen absorption and rain (both in dB/km), respectively. The RF noise variance
Figure 6.4: Block diagram of a point-to-point 60 GHz RF system.
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is given by ߪ௡,RFଶ [dB] = ܤ ଴ܰ + Fܰ , where ܤ is the signal bandwidth, ଴ܰ is the noise
power spectral density (in dBm/MHz), and Fܰ is the receiver noise figure.
The fading gain ℎଶ can be modelled as Rician distributed, with the PDF given by
[188]:
ଶ݂(ℎଶ) = 2(ܭ + 1)ℎଶΩ expቆ−ܭ − (ܭ + 1)ℎଶଶΩ ቇ ܫ଴ ቌ2ℎଶඨܭ(ܭ + 1)Ω ቍ , (6.3)
where Ω is the received signal power, and the Rician factor ܭ is the ratio of the power of
the LOS component to the power of the diffuse component. The Rician factor is a useful
measure of the communication link quality; and is dependent on various factors, such as
link distance, antenna height and the environment, and may also change with time [54,
188].
Correspondingly, the SNR of the RF link can be determined from the relation as
follows [54]:
ܴܵܰRF(ℎଶ) = RܲF݃RFℎଶଶߪ௡,RFଶ . (6.4)
6.4. Case Study: H-BTS Architecture with Joint FSO/RFWireless Backhauling and
Basic Access Signalling
6.4.1. Background and Motivation
The unequivocality of global man-made climate change has attracted substantial
governmental and political intervention [189, 190] across the world to address the urgency
of this phenomena. Correspondingly, the conservation efforts striving for greener
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technology options [191, 192], energy-efficient solutions [193, 194], and carbon emissions
savings opportunities [5, 195] have been gradually leveraged upon the research
communities [196], industrial companies [192, 197] and regulatory bodies [191] toward
realizing a global low carbon society. Statistics released by the Global eSustainability
Initiative (GeSI) [195] reveal that worldwide carbon emissions will rise from 40 billion
tonnes (Gt) carbon dioxide equivalent (CO2e) per annum (pa) in 2002 to approximately 53
GtCO2e by 2020. In particular, the information and communications technology (ICT)
sector has been identified as one of the key areas in mitigating the world’s carbon footprint
due to its astounding direct contribution of 2% by consuming 3% of the worldwide energy
with a growth rate of 6% pa [193, 198]. In addition to the expected growth in mature
developed markets, the explosive growth in the number of mobile, fixed and broadband
subscribers on a global basis, which is attributable to the emerging ICT demand in
developing countries [195], inevitably requires extensive mobile networks supported by
greater amount of power-hungry base transceiver stations (BTSs) and mobile switching
centres. As a result, this incurs enormous stress upon network operators to suppress the
resulting infrastructure carbon footprint with a projected growth from 133 million tonnes
(Mt) CO2 to 299 MtCO2 by 2020 at an annual incremental rate of 5%.
The evolution of wireless mobile communications has witnessed a dynamic shift in
technology adoption trends among relevant industry drivers since the early 1980s, which in
turn influenced the behaviour of end users with regards to the acceptance of new
technologies and services, spending pattern and demand for connectivity [199-201]. A
microscopic perspective of these observed trends indicate that mobile service provisioning
and user requirements for connectivity, has transitioned from fundamental coverage and
adequate mobility for making simple voice call, towards more sophisticated services
demanding ubiquity, all-in-one voice, data and video convergent solutions, and enhanced
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efficiency of transmission (implying higher capacity at lower cost). As efficient radio
technologies such as software-defined radio [202, 203], smart antennas [204-206], wireless
mesh networking [207, 208] and interference cancellation techniques [209, 210] approach
maturity and deployed in commercial markets, the penetration of green “criteria” into
existing solutions would definitely come into effect over the next two decades to justify the
telecommunications industry’s accountability and responsibility to the environment and
society [192, 197, 211]. This would ultimately result in the transformation into clean,
energy-efficient and complete wireless communication networks, without compromising
the Quality of Service (QoS) for the mobile users or imposing negative impacts upon the
deployment costs for network operators, equipment manufacturers and content providers.
Greenfield deployment of wireless macro-cellular networks typically require up to
tens of thousands of BTSs, in order to provide ubiquitous coverage and seamless
communication while coping with the capacity demand for voice and high-speed data and
video traffic. This in turn poses immense pressure on network operators to suppress the
greenhouse emissions and mushrooming operational expenditure (OPEX) due to the
dominant energy requirement at radio base stations [195, 198, 212, 213]. At present, an
estimated 24,000 BTSs are deployed in existing third generation (3G) network throughout
the UK with a total power consumption of 300 GWh/year for providing coverage to a
population in excess of 80%, in which these statistics would double up to extend the
network for national coverage [198]. The roll-out of the 4G cellular wireless standards in
the near future is poised to set the peak capacity requirements up to 1 Gbps, in order to
provide a comprehensive and secure all-internet protocol (IP) based solution to a multitude
of mobile broadband facilities, such as ultra-broadband internet access, voice over IP
(VoIP), online gaming services and streamed multimedia applications. The incessantly
exploding mobile data traffic volumes due to burgeoning smart devices, applications and
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changing user behaviour has resulted in severe bandwidth capacity crunch, in which the
peak-to-average gap is forecasted to rise to 90 times its current size by 2015 with the
adoption of 4G technologies [213].
This detrimental impact has attracted extensive research efforts to look into new
radio access network (RAN) architectural paradigm [213, 214], which optimizes the
existing macrocell site infrastructure and introduces new sub-networking layers at the
micro-/picocell level. Correspondingly, the benefits of overlaying smaller cells can be
attained, which include: (1) capacity enhancement by a factor of 1600 [213] compared to
other methods, such as improving spectrum efficiency and increasing cell site transmit
power; (2) improved service continuity and ubiquity; (3) even distribution of network load;
and (4) minimal cost for network extension compared to deploying traditional macro BTSs
for the same purpose, due to cheaper micro-/picocell architectures. As Metrozones
deployments would typically require 3-6 microcells and/or 8-14 picocells per macrocell
site for 3G/4G service provisioning [213], energy-efficient mechanisms and green
approaches are vital for sustainable operation of these Metrozones, in order to address two
contradictory phenomena – (1) the non-negligible presence of power-hungry and
expensive ground-based BTSs, and the mushrooming of APs for uniform blanket coverage;
and (2) the significant CO2 emissions contributing to the world’s carbon footprint.
6.4.2. The Green Metrozones Concept
6.4.2.1. The Rationale
The diffusion of smaller cells into traditional macro-cellular networks presents a
feasible, energy-efficient and cost-effective alternative, to shift the access network closer
to the mobile user terminals (MUTs) as compared to other methods, such as improving the
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spectrum efficiency and increasing cell site transmit power [196, 213]. Correspondingly,
manifold gain in the mobile data capacity can be achieved to curtail the impact of the
prevailing bandwidth capacity crunch phenomena. This will inevitably drive the
deployment of at least an order-of-magnitude more micro-/picocells for providing a
uniformly distributed capacity density across a mobile service area [196]. As a result, the
requirement for new data-centric RAN architecture solutions with a higher degree of
network flexibility and reconfigurability must be addressed.
On the other hand, the existing macro-cellular BTS infrastructures are retained and
upgraded to enhance the network performance and scalability, while promoting a
significant reduction in the site costs. These BTSs with integrated routing and mesh
networking capabilities can be deployed at the macro tier, to enable rapid, flexible and
low-cost connectivity to the core network via the packet-based multi-hop communication,
as compared to wired backhaul solutions, such as leased T1/E1 copper lines and optical
fiber links [215]. The evolving trends in emerging 4G wireless mobile broadband networks
reveals preferences for smaller cells to boost the capacity and migration towards cost-
effective packet-based wireless backhauling solutions. This has led to the inter-dependency
between macro- and sub-cells, which has attracted the Metrozones concept to cope with
the massive growth in the number of mobile subscribers and high-speed data services,
while complementing the operators’ escalating deployment and operational costs.
6.4.2.2. Network Architecture
In principle, the network topology of Metrozones is conceptually similar to a two-tier
infrastructure/backbone wireless mesh network (WMN) [208, 213], which comprises two
main hierarchy – the macro-cellular tier and sub-networking layer, as illustrated in Figure
6.5.
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The macro tier is populated by the BTS infrastructures with no mobility, less power
constraint, sophisticated computational functions and integrated routing capabilities to
perform wireless mesh backhauling. A fraction of BTSs with the gateway (GW) or the
bridge functions has wired connection to the Internet, representing sources/sinks in the
WMN, thereby enabling connectivity to the wired backbone facilities at a much lower cost
and with flexible networking options [208, 215]. These BTSs automatically establish and
maintain the connectivity among themselves, to form interconnected self-configuring, self-
healing wireless backhaul links within the WMN. The data traffic is en route to and from
the wired Internet entry points via multi-hop communication among mesh nodes using
efficient routing protocols, thus promoting link reliability and load balancing in the macro
tier.
Figure 6.5: Network architecture of the green Metrozones concept.
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At the sub-networking layer, M-APs providing coverage to smaller micro-/picocells
within each macrocell form a cluster, which is connected to the BTS via the wireless Metro
Ethernet [216], thereby forming a point-to-multipoint connection. Inter-cell coordination is
managed in an autonomous manner based on the self-organizing network (SON) [217, 218]
principles, whereby the M-APs form self-configuring, self-optimizing and self-healing
clusters, in order to maximize the network performance and to deliver enhanced user
perceived quality through numerous integrated approaches. These include optimization of
the network parameters under interference and overload conditions; mitigation of quality
degradation that may arise from inaccuracies of network planning or equipment faults; and
rapid and efficient fault identification and compensation.
6.4.3. Main Contributions of Study
Gigabit Ethernet (GigE) backhauling solutions in next generation 4G networks will
largely be based on the MMW and licensed E-Band technologies (i.e., 50/60 GHz and 80
GHz bands, respectively), for supporting bandwidth-intensive data operations in the
enterprise and urban markets with shorter link requirements of 3-5 km [215, 219]. The
high operating frequencies of these technologies promotes antenna directivity with a very
narrow beam width (4.7 and 1.2 at 60 GHz and 80 GHz, respectively). This unveils
numerous technical advantages in mesh-configured wireless backhaul networks, such as
throughput enhancement, interference mitigation, superior security and a high frequency
reuse rate [219]. Nonetheless, the high susceptibility of MMW radios to rain attenuation
presents a greater challenge to network operators in optimizing their backhaul solutions, in
order to deliver GigE speeds with a desired carrier-grade availability of 99.999%, not
affected by local meteorological conditions [219, 220]. The performance of both FSO and
RF links are susceptible to the adverse effects of meteorological and other natural
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conditions. Therefore, hybrid FSO/RF systems [27, 53, 54, 57] present the most prominent
alternative to enable these technologies in complementing one another’s weaknesses, since
fog and rain drastically affect the FSO and RF links, respectively, but only insignificantly
vice versa, and rarely occur simultaneously.
In the present study, new H-BTS system architecture for the green Metrozones is
proposed, which takes advantage of the symbiotic relationship between the FSO and RF
technologies, by integrating these communication links at the macro-cellular tier. This
corresponds to high data-rate transmission with lower transmit power and less
susceptibility to interference, thereby delivering high-capacity, power-efficient wireless
backhauling solution under most weather conditions and varying data traffic load. A radio
resource management (RRM) module encompassing a resource prioritization mechanism is
designed and introduced into the system hub of the proposed H-BTS architecture. This is
to maintain a good control and optimal on-demand resource allocation to both the wireless
backhaul and RF access networks, and to establish sustainable wireless backhaul link
availability via essential switching between the FSO and RF communication links, taking
into account various factors such as the fluctuating traffic demand, spectral bandwidth
occupancy, network load, QoS and channel conditions. Furthermore, a BAS scheme
employing a default low data-rate, low-power radio is considered, which necessitates the
discovery, registration and monitoring of active M-APs, to enable two distinctive features:
the SWoD mechanism and cooperative inter-cell support. The SWoD mechanism
minimizes the number of operating radio access interfaces (RAIs) and enhances potential
energy savings by putting idling/under-utilized RAIs and M-APs into sleep mode,
particularly in low traffic scenarios. The cooperative inter-cell support offloads the M-APs
located at the macrocell edge to neighbouring H-BTSs with more resource availability,
thus enabling more even distribution of the network load across a particular topology.
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6.4.4. Basic Access Signalling Control Protocol
Figure 6.6 illustrates the system hub of the proposed H-BTS system architecture,
which comprises the RRM module and BAS scheme, to achieve potential energy savings
through resource monitoring, optimal decision making and priority-based resource
allocation. In principle, the BAS scheme utilizes a default low data-rate, low-power radio
operating on a dedicated frequency band for exchanging control messages between the H-
BTS and M-APs, thus separating the control channel from the high-bandwidth, high-power
data transport channel. The proposed out-of-band control signalling scheme promotes
enhancement in resource monitoring through the discovery and registration of new M-APs
and monitoring of these nodes within the BTS coverage, in which a neighbour list is
generated and dynamically updated in accordance to the M-AP activities. The flow
diagram in Figure 6.7 provides an overview of the BAS mechanism, in which the main
operations are described as follows:
1) M-AP discovery: A H-BTS (ℋ(௜), for ݅ = {1, 2, … }) with resource availability uses
the default BAS radio to broadcast control signal (CTRL_PKT) on a periodical basis to its
M-AP cluster, in which the M-APs are denoted asℳ(௜,௝), for ݆ = {1, 2, … }. Upon receiving
the control signal, a new M-AP (ℳ(௜,ℓ) , for {ℓ ∈ ݆} ) responds by sending a request
(REQ_PKT) to ℋ(௜) and awaits acknowledgement (ACK_ID) to proceed with the next
phase.
2) M-AP registration:ℳ(௜,ℓ) requires ACK_ID to initiate the registration procedure,
in which the registration information (REG_PKT) comprising M-AP identity (MAP_ID),
status (MAP_STAT), location (MAP_ADD), and number MUTs attached (MAP_USER), is
transmitted toℋ(௜) and relayed to the resource database for updating the neighbour list.
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Upon successful completion of M-AP registration, RRM will trigger an RAI
(RAI_TRIG_ON) to establish a communication link with the newly reported M-AP.
3) M-AP monitoring: In this phase, the active M-APs will update their information in
the resource database by sending update packet (UPDATE_PKT) to the H-BTS. If an M-
AP remains inactive for an interval exceeding ݐ௜ௗ௟௘ s, the node will send a request to the H-
BTS to update its status information and disconnect idling RAIs (RAI_TRIG_OFF), in
which the M-AP is then placed into the sleep mode. Correspondingly, under-utilized radio
access interfaces at H-BTS can be switched off (during low traffic demand), and then
reinstated based upon the M-AP request via the BAS scheme. This in turn promotes higher
energy efficiency by optimizing the operation of RAIs at the sub-networking layer with the
proposed SWoD mechanism.
6.4.5. Resource Prioritization Mechanism
The RRM module involves resource/information monitoring, decision making and
priority-based resource allocation, in which these mechanisms are jointly managed and
Figure 6.6: The proposed H-BTS system architecture.
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executed by the proposed resource prioritization mechanism as shown in Figure 6.8. In
principle, the information/resources observed and/or managed by the RRM module can be
categorized into pre-determined and time-varying factors [221]. These are monitored and
gathered separately for the macro-cellular and sub-networking layers, due to the vastly
varying propagation conditions and different communication purposes with contrasting
application and QoS constraints.
Figure 6.7: Flow diagram of the proposed BAS control protocol.
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Within the sub-networking layer to enable last-mile radio access, the updated
neighbour list produced by the BAS scheme (Figure 6.7) and the network load (observed
by the traffic estimators (TEs) at each interface, i.e., TE(1), ... TE(N)) present an important
time-varying access resource, which influences the decision of the RRM to enforce the
SWoD mechanism in one of the following modes:
1) Sleep mode: is enabled under two possible scenarios – (i)ℳ(௜,ℓ) inactivity for a
time interval exceeding ݐ௜ௗ௟௘ s; and (ii) the total access traffic demand atℋ(௜) approaches
the lower threshold (ߟ(௜) < ߟோ஺,௟௢௪). In the latter case,ℋ(௜) sends a request toℳ(௜,ℓ) with
Figure 6.8: Flow diagram of the proposed resource prioritization mechanism.
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the lowest radio access traffic, in order to disconnect the communication link (which
requires the triggering of RAI_TRIG_OFF) and place the targetedℳ(௜,ℓ) into sleep mode.
The self-organizing capabilities of the M-AP clusters enable the selected M-AP to
aggregate the end users residing within its coverage area to neighbouring micro-/picocells.
Upon successful offloading of the radio access traffic, the M-AP responds with a
procedural acknowledgement using the dedicated BAS control protocol and subsequently
enters into sleep mode, thereby conserving energy during low traffic demand by
minimizingℳ(௜,ℓ) and number of operating RAIs atℋ(௜).
2) Active mode: is triggered under two possible circumstances – (i) successful
registration of newly discovered ℳ(௜,ℓ) ; and (ii) total access traffic demand at ℋ(௜)
approaches the upper threshold (ߟ(௜) ≥ ߟோ஺,௛௜௚௛) with sleeping M-APs (ℳ(௜,఍)) within theℳ(௜,௝) cluster. In the second condition,ℋ(௜) triggersℳ(௜,఍) into active mode via the BAS
scheme, in which the high-power high-speed RAIs (of the previously sleeping M-APs) are
switched on for distributing the data traffic to theℳ(௜,௝) cluster.
3) Handover mode: is considered when theℳ(௜,௝) cluster is insufficient to cope with
the excessive access traffic demand atℋ(௜), while adjacentℋ(జ) can utilize its resource
availability to enhance load balancing within the cellular network. Thus implying the
criteria to initiate M-AP handover as follows – (1)ℳ(௜,఍) = {∅}; (2) ߟ(௜) ≥ ߟோ஺,௛௜௚௛; and (3)ߟ(జ) < ߟோ஺,௛௜௚௛. This cooperative inter-cell support triggers the highly congestedℋ(௜) to
relay the information of selected M-AP(s) located at the macrocell edge (resembled byℳ(௜,఑)) toℋ(జ), which then employs the low-power BAS radio to establish new access
connectivity with ℳ(జ,఑) (∈ ℳ(జ,௝) ). Hence, the RAIs of ℳ(జ,఑) are switched on, and
transmit power level adjustments may be required.
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At the macro layer, the CSI (ߦோி(௜,௞), ߦிௌை(௜,௞)) and total backhaul traffic demand (߯(௜)) are
vital time-varying resource metrics monitored byℋ(௜), which are acquired using a simple
feedback path and the TEs (i.e., TE(1), ... TE(M)), respectively. Upon detection of a
backhaul traffic (for uplink or packet forwarding services) at the interface (݅,݇), under the
normal-to-low data transfer volume condition with ߯(௜) < ߯஻ு,௛௜௚௛, the RF sub-system at
the interface (݅,݇) with channel quality exceeding its signal-to-interference-and-noise ratio
(SINR) threshold (ߦோி(௜,௞) ≥ ߦோி,்௛) is employed as the desired backhaul link, in whichℋ(௜)
triggers the high-power backhaul radio and generates data traffic at the interface. The
resource prioritization algorithm checks for the possible RF link adaptation and performs
SINR-to-adaptive modulation and coding (AMC) mapping for optimizing the link
performance. Furthermore, the algorithm enables the complementary FSO sub-system
under two scenarios: (1) ߦோி(௜,௞) < ߦோி,்௛ which may occur due to the rain attenuation; and
(2) ߯(௜) ≥ ߯஻ு,௛௜௚௛ due to the excessive backhaul load. While AMC schemes may not be a
feasible approach for FSO systems employing the IM/DD method, FSO link adaptation is
possible with the error control coding technique, in which the channel encoder adapts the
codeword length in accordance to the measured SINR.
6.5. Feasibility Studies
The following feasibility studies are carried out to examine the time-varying
characteristics of the macro-cellular BTSs daily traffic load; and to carry out outage
analysis for evaluating the performance of the proposed hybrid FSO/RF system under
different weather conditions.
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6.5.1. Daily Traffic Profile of the BTS
The daily traffic pattern of a BTS can be approximated by a modified sinusoidal
profile given by [222]:
ߣ்(ݐ) = 1
2ట ቂ1 + sin ቀ ߨ12 + ߮ቁቃట + ߩ்(ݐ) , (6.5)
where ߣ்(ݐ) denotes the instantaneous normalized traffic (in unit of Erlangs), ߰ = {1, 3}
determines the abruptness of the traffic profile, ߮ is a uniform random variable with
interval [0, 2π], which determines the distribution of the traffic pattern among the BTSs,
and ߩ்(ݐ) is a Poisson distributed random process which models the random fluctuations
of the traffic [222].
Our simulation studies indicate that the above approximation does not model the
random fluctuating behavior of the data traffic in a realistic manner, compared to real
measurements [223, 224]. It is suggested that the abruptness in the traffic profile can be
generated as a sum of sinusoids, in which the modified expression is given by:
Λ்(ݐ) = ෍ߣ், ௜(ݐ) .ே௜ୀଵ (6.6)
In this work, the traffic pattern is adequately modeled as a sum of eight sinusoids (i.e.,ܰ = 8).
Figure 6.9 shows the daily traffic pattern approximated for four BTSs, in which it is
noted that BTSs generally exhibit a lower traffic requirement in the early morning (0:00 hr
to 4:00 hr) and the late evening (20:00 hr to 24:00 hr) with a normalized traffic < 0.3
Erlangs, as compared to peak hours during the day (i.e., 9:00 hr to 16:00 hr) with data
traffic approaching the maximum load. These observations suggest that the proposed
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SWoD mechanism and cooperative inter-cell support would be of great benefit in
promoting potential energy savings during the low traffic period, by placing idling/under-
utilized RAIs and M-APs into sleep mode. Under heavy traffic scenarios, the proposed
features of the H-BTS architecture would enable best decision-making for on-demand
resource allocation, thereby maintaining even distribution of network load across a
particular topology.
6.5.2. Performance of the Hybrid FSO/RF System
The outage performance of the hybrid FSO/RF system is examined under the
impairments of various weather effects. The outage probability oܲut of the FSO channel is
evaluated based on (3.5) to (3.8), as previously defined in Section 3.4.2. Similarly, the oܲut
for the RF sub-system can be determined from the expression in (3.8) with the cumulative
Figure 6.9: The resulting daily traffic pattern approximated for four BTSs.
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distribution function (CDF) of ℎ = ℎଶ evaluated at ℎ଴ = ටܥିଵ(ܴ଴)ߪ௡,RFଶ ܲୖ ୊݃ୖ୊⁄ ;
whereby the fading gain ℎଶ is modelled as Rician distributed and defined by (6.3), and the
instantaneous capacity is given by (3.5) with the conditional PDF defined as follows:
݂(ݕ|ݔ, ℎ = ℎଶ) =
⎩⎪⎪⎨
⎪⎪⎧ 1ට2ߨߪ௡,RFଶ exp ቈ− ݕଶ2ߪ௡,RFଶ ቉ , ݔ = 0
1ට2ߨߪ௡,RFଶ exp ൥− ൫ݕ − ඥܲୖ ୊݃ୖ୊ℎଶ൯
ଶ
2ߪ௡,RFଶ ൩ , ݔ = 1 . (6.7)
Figure 6.10 depicts the oܲut for the FSO and RF links at varying link distance ܮ under
different weather conditions, based on the simulation settings as defined in Table 6.1. The
weather effects are characterized through numerous parameters including the visibility ܸ,
rain attenuation ܽ୰ୟ୧୬, and turbulence strength ܥ௡ଶ [24, 54, 57]. Our results show that the
FSO system is capable of maintaining a link range in excess of 2.0 km at oܲut = 10
ି଺ forܴ଴ = 0.5 bits/channel use , under moderate (12.5 mm/h) and heavy (25.0 mm/h) rain
conditions, while the RF link suffers significant link reduction with ܮ < 0.5 km. This
reveals the vast potential of the FSO link in enabling a very high-speed wireless
backhauling under the adverse effects of rain. Under the low visibility (ܸ = 0.642 km)
condition, the FSO link suffers severe performance degradation with ܮ < 1.0 km at
oܲut = 10
-6
, and experiences system outage probability of 1.0 for ܮ > 1.5 km. The RF link
can be employed as a complementary alternative to establish backhaul communication,
albeit at a relatively lower data rate and link quality. Hence, the inherent advantage of both
FSO and RF systems in complementing one another under the effects of rain and fog,
respectively, reflects the symbiotic relationship between these technology options.
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6.6. Summary
In this chapter, new H-BTS system architecture has been proposed for the green
Metrozones. Taking advantage of the symbiotic relationship between the FSO and RF
technologies, the hybrid FSO/RF systems have been integrated at the macro-cellular tier, to
enable high-capacity, power-efficient wireless backhauling under most weather conditions
and varying data traffic load. In addition, the RRM module encompassing the resource
prioritization mechanism has been introduced into the system hub of the proposed H-BTS
architecture. This is to maintain a good control and optimal on-demand resource allocation
to both the wireless backhaul and RF access networks, and to establish sustainable wireless
backhaul link availability via essential switching between the FSO and RF communication
links. Moreover, the BAS scheme employing a default low data-rate, low-power radio has
Figure 6.10: Outage probability of the FSO and RF links at varying link distance ܮ, forܴ଴ = 0.5 bits/channel use, under different weather conditions.
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been considered, which necessitates the discovery, registration and monitoring of active
M-APs, in order to enable two distinctive features: the SWoD mechanism and cooperative
inter-cell support. The SWoD mechanism minimizes the number of operating RAIs and
enhances potential energy savings by putting idling/under-utilized RAIs and M-APs into
sleep mode, particularly in low traffic scenarios. The cooperative inter-cell support
offloads the M-APs located at the macrocell edge to neighbouring H-BTSs with more
resource availability, thus enabling more even distribution of the network load across a
particular topology.
Furthermore, feasibility studies have been carried out to examine the time-varying
characteristics of the BTS daily traffic profile, and to evaluate the outage performance of
the proposed hybrid FSO/RF systems under different weather conditions. In particular, it
has been demonstrated via simulation that the BTSs typically exhibit a lower traffic
requirement (< 0.3 Erlangs) in the early morning and late evening, as compared to peak
hours during the day with data traffic approaching the maximum load; thereby
substantiating the significance of the proposed SWoD mechanism and cooperative inter-
cell support. The corresponding outage analysis have revealed the vast potential of the
FSO link in enabling a very high-speed wireless backhauling under the adverse effects of
rain; whereas the RF link can be employed as a complementary alternative to establish
backhaul communication, albeit at a relatively lower data rate and link quality. These
observations concluded the inherent advantage of both FSO and RF sub-systems in
complementing one another under the effects of rain and fog, respectively; thus reflecting
the symbiotic relationship between these technology options. Finally, findings from the
present work have revealed that adaptation and optimization at the link- and system-level
are vital for Metrozones deployment, due to the occurrence of numerous time-varying
factors in real networks, which include: (1) random fluctuations in the daily traffic profile
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of the BTSs; (2) mobility of the user terminals which affects the user density (hence, the
network load) across the topology; and (3) time-series characteristics of the channel state
due to the influence of atmospheric conditions, such as rain, fog, haze and turbulence.
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Conclusions and Future
Work
7.1. Conclusions
In this research project, extensive theoretical analysis and simulation studies have
been carried out to investigate the FSO communication link impairments imposed by the
combined effects of atmospheric loss, turbulence and PEs. Through the acquisition of in-
depth knowledge pertaining to the characteristics and inherent limitations of the system
under study, new optimization and enhancement techniques based upon the partially
coherent Gaussian beam and media diversity have been proposed and presented in this
thesis. In addition, experimental demonstration has been performed in laboratory-
controlled atmospheric environment to substantiate the proposed theoretical and simulation
studies.
CHAPTER
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The performance of partially coherent FSO communication links has been
investigated from the information theory perspective in Chapter 3, taking into account the
adverse effects of atmospheric loss, turbulence-induced scintillations and PEs. In particular,
a spatially partially coherent Gaussian-beam wave and important link design criteria have
been jointly considered, in which the latter consists of the receiver aperture dimension and
its resulting aperture averaging effect, transmitter beam width, link range, knowledge of
CSI, and weather conditions. By adopting the Gaussian-Schell beam and combined optical
slow-fading channel models, the error performance, average channel capacity and outage
probability of the FSO system have been thoroughly examined. The outage analysis has
demonstrated that optimization of the outage capacity is best performed through proper
selection of the beam width and receiver aperture size for a known laser wavelength and/or
increasing the transmit power. From the aperture-averaging studies, it is evident that
greater penalty will be imposed upon the average capacity in the presence of turbulence
and PEs, particularly when the channel state is unknown at the receiver, which in turn can
be compensated through the utilization of an enlarged receiver aperture. In addition,
numerical results have shown that the PCB properties are substantially altered when
propagating through free-space, and the optimum beam width of the optical laser source
must be determined and adjusted according to varying channel conditions. Therefore, beam
width optimization presents a feasible approach in promoting capacity enhancement for
long-distance horizontal FSO communication links.
Joint investigation of the effects of spatially partially coherent Gaussian laser beam
and aperture averaging on the performance of FSO communication systems has been
presented in Chapter 4, in order to examine the resulting impact of the PCB parameters and
receiver aperture diameter on the average channel capacity of the FSO link, under the
combined influences of atmospheric turbulence and PEs. Numerical results have
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demonstrated that the FSO channel capacity is highly susceptible to the adverse effects of
scintillations and PEs, and validated the two distinctive advantages of introducing an
enlarged receiver aperture (i.e., reducing the scintillation and mitigating the PE loss). In
addition, the corresponding observations have confirmed the necessity and interest of
optimizing the beam width to maximize the FSO channel capacity, especially in the
moderate-to-strong turbulence regime. As a result, a theoretical beam width optimization
model has been developed in this work, which takes advantage of a simple mathematical
solution to determine the optimum beam width of the PCB for maximizing the FSO
channel capacity. By solving the theoretical model through the numerical method, it is
evident that a larger optimum beam width is required under more severe PE losses in the
stronger turbulence regimes, in which such incremental trend changes from a more linear
to a near-exponential behaviour with increasing turbulence strengths. When the effect of
PEs is less prevalent, the optimum beam width is relatively smaller compared to the
weaker turbulence cases. For a given jitter variance, an average capacity improvement by
up to twofold is achievable through the joint adoption of an enlarged receiver aperture and
the beam width optimization technique, particularly in the moderate-to-strong turbulence
regime.
Subsequent investigation studies on the characteristics of partially coherent Gaussian
beams propagating through the atmospheric turbulence channel have revealed the
relationship between the beam width and spatial coherence length to optimize the PCB.
Correspondingly, a joint beam width and coherence length optimization of partially
coherent Gaussian beam has been proposed in Chapter 4, in order to maximize the average
capacity in FSO systems over atmospheric turbulence channels with PEs. In particular, the
effects of aperture-averaging on the average capacity of FSO links employing PCBs have
been reported for the first time through this work. An optimization metric termed as the
222
beam spreading gain has been introduced to enable feasible translation of the joint optimal
transmitter beam parameters into an analogous divergence/spreading gain of the received
optical beam. Through the proposed metric, the optimum beam divergence can be
determined with much simplicity, and hence the optimal capacity. It has been
demonstrated that the PCBs are desirable in the weak-to-moderate turbulence regime,
which in turn revealed the importance of adjusting the beam width and spatial coherence
length to optimize the beam divergence by a factor of the beam spreading gain. On the
other hand, highly coherent optical laser beams are preferred under strong fluctuations
conditions, as can be observed from the notable reduction in the proposed optimization
metric. In principle, increasing the receiver aperture mitigates the PE loss; and shifts the
relative frequency content of the irradiance power spectrum towards lower frequencies due
to aperture averaging, essentially averaging out the fastest fluctuations, thereby reduces the
scintillation. Hence, the introduction of an enlarged receiver aperture and joint
optimization technique enhances the FSO channel capacity under most turbulence
conditions that are likely to occur in practice.
The effects of aperture averaging and beam width on the FSO link have been jointly
investigated and practically demonstrated in an experimental work (in Chapter 5), which
has been carried out under laboratory-controlled atmospheric turbulence conditions. The
aperture-averaging effect has been examined and characterized through the probability
density distributions and normalized log intensity PDFs of the received optical signal, and
compared with respect to the theoretical lognormal and gamma-gamma turbulence models.
Based upon the changing patterns of the generated histograms, it is evident that optical
intensity fluctuations occur predominantly with decreasing receiver aperture sizes, and a
smaller spot size of the optical laser beam leads to stronger fluctuations and PE-induced
beam jitter in the received optical signal. These observations substantiate the theoretical
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argument that partially coherent Gaussian laser beam of larger beam width potentially
mitigates the undesirable impacts of the FSO channel. In addition, the distributions of the
normalized log intensity have revealed an inherent shifting of the mean towards the
negative direction and broadening of the PDF with smaller receiver aperture size. In the
presence of more severe optical fluctuations as indicated by larger aperture-averaged
scintillation index, the negative tails of the PDFs are significantly elevated, in which such
behaviour is resembled by the theoretical gamma-gamma turbulence model with better
accuracy.
Next, extensive analysis of the experimental data has been performed and shown that
the aperture-averaging factor exhibits a decreasing trend for larger values of point-received
scintillation index, which can be represented by a first-order linear regression model with
good accuracy. The observed linear relationship presents an inherent upward shift with
reducing aperture dimension, which is particularly pronounced for larger beam widths,
thereby inferring that the use of optical laser source with increased beam spot size must be
accompanied with an enlarged receiver aperture. Furthermore, a comparison of the
measured Q-factor between an aperture-averaged optical receiver and its corresponding
finite point receiver has shown that manifold gain in the link performance can be achieved
with increasing scaled aperture size. These findings confirm that the introduction of an
enlarged receiver aperture enhances the effective collection of the received optical signal
and potentially mitigates the turbulence-induced beam wander and scintillation effects. In
conclusion, this experimental study has demonstrated the necessity of selecting and/or
adjusting appropriate transmitter beam radius and receiver aperture dimension, in order to
mitigate the undesirable channel effects under changing turbulence conditions.
Correspondingly, the outcome of this practical work justifies the importance of the
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optimization of relevant system design parameters, as have been proposed and discussed in
Chapters 3 and 4.
The viability of deploying the channel/media diversity technique in the FSO systems
has been investigated through a case study in Chapter 6, in which the H-BTS system
architecture has proposed for the green Metrozones. Taking advantage of the symbiotic
relationship between the FSO and RF technologies, the hybrid FSO/RF system has been
integrated at the macro-cellular tier, to enable high-capacity, power-efficient wireless
backhauling under most weather conditions and varying data traffic load. In addition, the
RRM module encompassing the resource prioritization mechanism has been designed and
introduced into the system hub of the proposed H-BTS architecture. This is to maintain a
good control and optimal on-demand resource allocation to both the wireless backhaul and
RF access networks, and to establish sustainable wireless backhaul link availability via
essential switching between the FSO and RF communication links. Furthermore, the BAS
scheme employing a default low data-rate, low-power radio has been considered, which
necessitates the discovery, registration and monitoring of active M-APs, in order to enable
two distinctive features: the SWoD mechanism and cooperative inter-cell support. The
SWoD mechanism minimizes the number of operating RAIs and enhances potential energy
savings by putting idling/under-utilized RAIs and M-APs into sleep mode, particularly in
low traffic scenarios. The cooperative inter-cell support offloads the M-APs located at the
macrocell edge to neighbouring H-BTSs with more resource availability, thus enabling
more even distribution of the network load across a particular topology. Findings from the
present work have indicated that adaptation and optimization at the link- and system-level
are vital for Metrozones deployment, due to the occurrence of numerous time-varying
factors in real networks, which include: (1) random fluctuations in the daily traffic profile
of the BTSs; (2) mobility of the user terminals which affects the user density (hence, the
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network load) across the topology; and (3) time-series characteristics of the channel state
due to the influence of atmospheric conditions, such as rain, fog, haze and turbulence.
7.2. Recommendations for Future Work
This thesis has contributed to the design, analysis and optimization of terrestrial FSO
communication systems based upon a partially coherent Gaussian beam and media
diversity technique, which have progressively uncovered more research opportunities and
areas of improvement pertaining to the system under study.
A comprehensive design benchmark for optimal planning and design of horizontal
FSO links has been presented in Chapter 3, which demonstrated the necessity of
performing optimization on the system to obtain the best achievable channel capacities
under different atmospheric channel effects resulting from turbulence-induced
scintillations and PEs. Based upon the proposed optimization techniques in Chapter 4, new
adaptive and robust optimization approaches capable of making proper adjustments to the
relevant system design parameters can be incorporated to the existing system. This requires
the investigation of more efficient combinatorial optimization algorithms such as the
Hungarian method [225] and the careful design of multivariate training sequences, in order
to maximize the FSO channel capacities under varying channel conditions without
incurring excessive delay and processing overhead upon the system.
As evident from the results presented and discussed in Chapter 5, the theoretical
lognormal turbulence model is only valid for the cases of weak turbulences and relatively
large receiver aperture diameters; whereas the gamma-gamma model presents better
tractability for stronger turbulence scenarios, albeit depicting a slight mismatch with
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decreasing aperture sizes. Correspondingly, the probability density distributions of the
received optical signal presented in Chapter 5 can be utilized to investigate and develop
new tractable atmospheric channel model under most turbulent conditions, which takes
into account the combined effects of aperture averaging and beam width. Furthermore, the
linear regression analysis performed in this experimental work can be further extended to
multiple regression analysis [176], in order to examine the inter-relationship of the relevant
system design parameters and their statistical significance in the regression model.
While Chapter 6 has demonstrated the viability of deploying hybrid FSO/RF
communication links as a high-speed and efficient backhauling solution in the wireless
macro-cellular networks, more extensive simulation studies are required to observe and
validate the real-time performance of the proposed H-BTS system architecture and
algorithms. Through the development of reliable simulation models, numerous time-
varying factors of the Metrozones and relevant design considerations can be appropriately
taken into account, such that a comprehensive design benchmark for Metrozones
deployment can be presented; thereby enabling adaptation and optimization at the link- and
system-level to be performed in a more realistic manner. Correspondingly, further
enhancement to the proposed resource prioritization mechanism and BAS scheme can be
made possible. In addition, the feasibility of the proposed H-BTS system architecture for
the green Metrozones can be evaluated through the monitoring of the total power
consumption and potential energy savings [5], in which the development of new
performance metric will be required. Furthermore, capacity and throughput analysis can be
carried out to justify the performance improvement achievable from the proposed system.
In the recent decade, radio-on-FSO (RoFSO) communication systems [12] are
rapidly gaining popularity as an efficient, high-capacity and cost-effective solution for
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transferring RF signals, in order to facilitate the wireless broadband connectivity through
seamless convergence of optical fibre and FSO communication networks. It is envisaged
that the RoFSO technology can be adopted and integrated in hybrid FSO/RF systems for
potential deployment in wireless macro-cellular networks and other fixed-wireless
applications, in which the possible design and optimization approaches identified are
outlined as follows:
(1) Investigation of viable and robust system architecture design for the hybrid links,
which is adaptable to varying channel characteristics, such as channel coding
diversity, source coding diversity and joint source-channel diversity techniques [181];
(2) Design of dynamic load partitioning and switching algorithms, based upon the traffic
demand, channel conditions and status of the two links; and
(3) Joint AMC adaptation of the parallel channels [81], and adaptive rate optimization
such as the reconfigurable rateless coding scheme [226, 227] encompassing an
adjustable encoding strategy without perfect channel knowledge at the transmitter.
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Appendix A
Additional Experimental Results
A.1 Received Signal Distribution and Comparisons of the Normalized Log
Irradiance PDF for Experimental Data with BeamWidth of 2.7731 mm
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Figure A.1: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 2.7731 mm , with
turbulence at ߪோଶ = 0.1851 ( ܥ௡ଶ = 1.6266 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.1: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 2.7731 mm, atߪோଶ = 0.1851.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -1.3536E-07 0.4067 60 2.0003 0.0000 0.9751
30 LN -3.9827E-07 0.5324 42 2.0181 0.0000 0.9277
20 LN -3.7145E-04 0.0713 38 2.0244 0.0227 0.9986
15 LN -3.2755E-06 0.0770 54 2.0049 0.0002 0.9982
10
LN -3.9598E-04 0.1255 79 1.9905 0.0204 0.9290
GG -2.1437E-04 0.1384 77 1.9913 0.0100 0.9174
6
LN -3.7549E-04 0.0462 98 1.9845 0.0569 0.9677
GG -2.0168E-04 0.0663 93 1.9858 0.0213 0.9443
3
LN -4.1589E-04 0.0429 99 1.9842 0.0685 0.9699
GG -2.3995E-04 0.0487 96 1.9850 0.0348 0.9618
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Figure A.2: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 2.7731 mm , with
turbulence at ߪோଶ = 0.2322 ( ܥ௡ଶ = 2.0399 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.2: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 2.7731 mm, atߪோଶ = 0.2322.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -4.9050E-05 0.0657 46 2.0129 0.0036 0.9991
30 LN -3.8219E-05 0.0756 44 2.0154 0.0024 0.9985
20 LN -5.0765E-06 0.0727 40 2.0211 0.0003 0.9987
15
LN -3.9020E-06 0.2016 52 2.0066 0.0001 0.9654
GG -9.7359E-07 0.1993 52 2.0066 0.0000 0.9676
10
LN -3.5488E-05 0.0956 94 1.9855 0.0025 0.8242
GG -3.4281E-06 0.0856 92 1.9861 0.0003 0.9284
6
LN -9.4837E-04 0.0476 97 1.9847 0.1394 0.9106
GG -7.2178E-04 0.0518 94 1.9855 0.0975 0.9559
3
LN -4.1668E-04 0.0440 98 1.9845 0.0670 0.9096
GG -2.4100E-04 0.0333 98 1.9845 0.0512 0.9802
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Figure A.3: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 2.7731 mm , with
turbulence at ߪோଶ = 0.2374 ( ܥ௡ଶ = 2.0858 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.3: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 2.7731 mm, atߪோଶ = 0.2374.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -1.3033E-05 0.1242 48 2.0106 0.0005 0.9943
30 LN -3.1304E-05 0.1014 32 2.0369 0.0012 0.9962
20 LN -3.6554E-04 0.6469 32 2.0369 0.0023 0.8224
15
LN -4.7309E-05 0.1823 51 2.0076 0.0013 0.9629
GG -1.9503E-05 0.1714 51 2.0076 0.0006 0.9690
10
LN -1.9894E-03 0.0592 92 1.9861 0.2280 0.9583
GG -1.7812E-03 0.0717 89 1.9870 0.1687 0.9468
6
LN -9.4923E-04 0.0438 97 1.9847 0.1516 0.9708
GG -7.2276E-04 0.0435 95 1.9853 0.1164 0.9689
3
LN -9.3425E-04 0.0510 99 1.9842 0.1297 0.9568
GG -7.1072E-04 0.0484 97 1.9847 0.1039 0.9577
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Figure A.4: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 2.7731 mm , with
turbulence at ߪோଶ = 0.3797 ( ܥ௡ଶ = 3.3359 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.4: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 2.7731 mm, atߪோଶ = 0.3797.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -1.6963E-06 0.1831 46 2.0129 0.0000 0.9878
30 LN -1.4046E-05 0.0618 50 2.0086 0.0011 0.9984
20
LN -1.2369E-03 0.3738 44 2.0154 0.0162 0.9235
GG -8.8286E-04 0.3648 44 2.0154 0.0119 0.9309
15
LN -3.3021E-03 0.1638 64 1.9977 0.1176 0.9367
GG -2.8091E-03 0.1753 63 1.9983 0.0935 0.9301
10
LN -4.1654E-03 0.0605 94 1.9855 0.4728 0.9474
GG -4.1955E-03 0.0708 91 1.9864 0.4067 0.9286
6
LN -4.1561E-04 0.0436 99 1.9842 0.0675 0.9695
GG -2.3967E-04 0.0463 96 1.9850 0.0366 0.9649
3
LN -4.1647E-04 0.0447 98 1.9845 0.0658 0.9712
GG -2.4069E-04 0.0366 98 1.9845 0.0465 0.9761
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A.2 Received Signal Distribution and Comparisons of the Normalized Log
Irradiance PDF for Experimental Data with BeamWidth of 4.5174 mm
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Figure A.5: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 4.5174 mm , with
turbulence at ߪோଶ = 0.8323 ( ܥ௡ଶ = 7.3127 × 10-11 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.5: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 4.5174 mm, atߪோଶ = 0.8323.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -1.3170E-03 0.1860 46 2.0129 0.0340 0.9975
30 LN -1.2851E-03 0.1375 50 2.0086 0.0467 0.9980
20 LN -1.0372E-03 0.1829 38 2.0244 0.0247 0.9973
15 LN -3.1996E-04 0.1001 52 2.0066 0.0163 0.9985
10 LN -1.2948E-06 0.0667 54 2.0049 0.0001 0.9991
6
LN -7.7545E-03 0.2845 53 2.0057 0.1468 0.9222
GG -6.9717E-03 0.2963 52 2.0066 0.1267 0.9156
3
LN -3.2735E-03 0.1030 116 1.9806 0.2462 0.9245
GG -3.1612E-03 0.1292 110 1.9818 0.1895 0.8817
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Figure A.6: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 4.5174 mm , with
turbulence at ߪோଶ = 1.7114 ( ܥ௡ଶ = 1.5036 × 10-10 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.6: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 4.5174 mm, atߪோଶ = 1.7114.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -5.6804E-03 0.3369 40 2.0211 0.0754 0.9921
30 LN -3.0324E-03 0.3183 40 2.0211 0.0426 0.9944
20 LN -1.6187E-05 0.1035 52 2.0066 0.0008 0.9988
15 LN -3.0340E-05 0.5013 55 2.0040 0.0003 0.9450
10
LN -6.0564E-04 0.0967 91 1.9864 0.0429 0.9696
GG -3.4427E-04 0.1199 89 1.9870 0.0197 0.9533
6
LN -1.9445E-03 0.0553 104 1.9830 0.2537 0.9582
GG -1.7455E-03 0.0672 101 1.9837 0.1875 0.9390
3
LN -9.4322E-04 0.0455 98 1.9845 0.1452 0.9663
GG -7.1631E-04 0.0540 94 1.9855 0.0929 0.9547
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Figure A.7: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 4.5174 mm , with
turbulence at ߪோଶ = 2.2139 ( ܥ௡ଶ = 1.9451 × 10-10 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.7: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 4.5174 mm, atߪோଶ = 2.2139.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -1.7028E-03 0.4088 42 2.0181 0.0191 0.9887
30 LN -5.0816E-03 0.4304 40 2.0211 0.0528 0.9876
20 LN -2.6767E-04 0.2215 38 2.0244 0.0053 0.9963
15 LN -5.2253E-07 0.1756 38 2.0244 0.0000 0.9951
10
LN -1.5852E-04 0.1466 134 1.9778 0.0090 0.9365
GG -8.4877E-05 0.1550 133 1.9780 0.0046 0.9284
6
LN -3.7020E-03 0.0560 104 1.9830 0.4777 0.9518
GG -3.6373E-03 0.0724 98 1.9845 0.3626 0.9271
3
LN -2.0542E-03 0.0495 94 1.9855 0.2847 0.9626
GG -1.8622E-03 0.0685 89 1.9870 0.1863 0.9386
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Figure A.8: (a) Received signal distribution for different receiver aperture diameters ofܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width setting of ݓ଴ = 4.5174 mm , with
turbulence at ߪோଶ = 2.5616 ( ܥ௡ଶ = 2.2505 × 10-10 m-2 3⁄ ); and (b) comparisons of the
normalized log irradiance PDF between the experimental data and the theoretical models.
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Table A.8: The corresponding statistical test results depicting the GOF between the
experimental data and the lognormal and gamma-gamma models, for a variety of receiver
aperture diameter ܦ = {40, 30, 20, 15, 10, 6, 3} mm and beam width ݓ଴ = 4.5174 mm, atߪோଶ = 2.5616.
ࡰ (mm) Model ࡹ࡮ࡱ ࡾࡹࡿࡱ Student t-Test(95% Confidence Level) ࡾ
DF ࢚c ࢚s
40 LN -3.2472E-03 0.2293 48 2.0106 0.0694 0.9956
30 LN -3.6124E-03 0.2248 44 2.0154 0.0754 0.9967
20
LN -9.3201E-04 0.4015 56 2.0032 0.0127 0.9236
GG -6.4912E-04 0.3922 55 2.0040 0.0091 0.9304
15
LN -1.9811E-03 0.3574 41 2.0195 0.0260 0.9522
GG -1.5029E-03 0.3732 41 2.0195 0.0189 0.9460
10
LN 4.3829E-04 0.0885 95 1.9853 0.0343 0.9741
GG 4.4849E-04 0.0975 95 1.9853 0.0319 0.9700
6
LN -2.0129E-03 0.0504 96 1.9850 0.2770 0.9582
GG -1.8140E-03 0.0671 90 1.9867 0.1874 0.9351
3
LN -2.0136E-03 0.0423 96 1.9850 0.3302 0.9711
GG -1.8181E-03 0.0617 91 1.9864 0.2042 0.9461
248
Appendix B
Student’s t-Distribution Critical Values
cum. prob ࢚.૞૙ ࢚.ૠ૞ ࢚.ૡ૙ ࢚.ૡ૞ ࢚.ૢ૙ ࢚.ૢ૞ ࢚.ૢૠ૞ ࢚.ૢૢ ࢚.ૢૢ૞ ࢚.ૢૢૢ ࢚.ૢૢૢ૞
one-tail 0.50 0.25 0.20 0.15 0.10 0.05 0.025 0.01 0.005 0.001 0.0005
two-tail 1.00 0.50 0.40 0.30 0.20 0.10 0.05 0.02 0.01 0.002 0.001
DF
1 0.000 1.000 1.376 1.963 3.078 6.314 12.71 31.82 63.66 318.31 636.62
2 0.000 0.816 1.061 1.386 1.886 2.920 4.303 6.965 9.925 22.327 31.599
3 0.000 0.765 0.978 1.250 1.638 2.353 3.182 4.541 5.841 10.215 12.924
4 0.000 0.741 0.941 1.190 1.533 2.132 2.776 3.747 4.604 7.173 8.610
5 0.000 0.727 0.920 1.156 1.476 2.015 2.571 3.365 4.032 5.893 6.869
6 0.000 0.718 0.906 1.134 1.440 1.943 2.447 3.143 3.707 5.208 5.959
7 0.000 0.711 0.896 1.119 1.415 1.895 2.365 2.998 3.499 4.785 5.408
8 0.000 0.706 0.889 1.108 1.397 1.860 2.306 2.896 3.355 4.501 5.041
9 0.000 0.703 0.883 1.100 1.383 1.833 2.262 2.821 3.250 4.297 4.781
10 0.000 0.700 0.879 1.093 1.372 1.812 2.228 2.764 3.169 4.144 4.587
11 0.000 0.697 0.876 1.088 1.363 1.796 2.201 2.718 3.106 4.025 4.437
12 0.000 0.695 0.873 1.083 1.356 1.782 2.179 2.681 3.055 3.930 4.318
13 0.000 0.694 0.870 1.079 1.350 1.771 2.160 2.650 3.012 3.852 4.221
14 0.000 0.692 0.868 1.076 1.345 1.761 2.145 2.624 2.977 3.787 4.140
15 0.000 0.691 0.866 1.074 1.341 1.753 2.131 2.602 2.947 3.733 4.073
16 0.000 0.690 0.865 1.071 1.337 1.746 2.120 2.583 2.921 3.686 4.015
17 0.000 0.689 0.863 1.069 1.333 1.740 2.110 2.567 2.898 3.646 3.965
18 0.000 0.688 0.862 1.067 1.330 1.734 2.101 2.552 2.878 3.610 3.922
19 0.000 0.688 0.861 1.066 1.328 1.729 2.093 2.539 2.861 3.579 3.883
20 0.000 0.687 0.860 1.064 1.325 1.725 2.086 2.528 2.845 3.552 3.850
21 0.000 0.686 0.859 1.063 1.323 1.721 2.080 2.518 2.831 3.527 3.819
22 0.000 0.686 0.858 1.061 1.321 1.717 2.074 2.508 2.819 3.505 3.792
23 0.000 0.685 0.858 1.060 1.319 1.714 2.069 2.500 2.807 3.485 3.768
24 0.000 0.685 0.857 1.059 1.318 1.711 2.064 2.492 2.797 3.467 3.745
25 0.000 0.684 0.856 1.058 1.316 1.708 2.060 2.485 2.787 3.450 3.725
26 0.000 0.684 0.856 1.058 1.315 1.706 2.056 2.479 2.779 3.435 3.707
27 0.000 0.684 0.855 1.057 1.314 1.703 2.052 2.473 2.771 3.421 3.690
28 0.000 0.683 0.855 1.056 1.313 1.701 2.048 2.467 2.763 3.408 3.674
29 0.000 0.683 0.854 1.055 1.311 1.699 2.045 2.462 2.756 3.396 3.659
30 0.000 0.683 0.854 1.055 1.310 1.697 2.042 2.457 2.750 3.385 3.646
40 0.000 0.681 0.851 1.050 1.303 1.684 2.021 2.423 2.704 3.307 3.551
50 0.000 0.679 0.849 1.047 1.299 1.676 2.009 2.403 2.678 3.261 3.496
60 0.000 0.679 0.848 1.045 1.296 1.671 2.000 2.390 2.660 3.232 3.460
80 0.000 0.678 0.846 1.043 1.292 1.664 1.990 2.374 2.639 3.195 3.416
100 0.000 0.677 0.845 1.042 1.290 1.660 1.984 2.364 2.626 3.174 3.390
1000 0.000 0.675 0.842 1.037 1.282 1.646 1.962 2.330 2.581 3.098 3.300
Z 0.000 0.674 0.842 1.036 1.282 1.645 1.960 2.326 2.576 3.090 3.291
0% 50% 60% 70% 80% 90% 95% 98% 99% 99.8% 99.9%
Confidence Level
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